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SUMMARY Mycoplasma pneumoniae is an important cause of respiratory tract in-
fections in children as well as adults that can range in severity from mild to life-
threatening. Over the past several years there has been much new information pub-
lished concerning infections caused by this organism. New molecular-based tests for
M. pneumoniae detection are now commercially available in the United States, and
advances in molecular typing systems have enhanced understanding of the epidemiol-
ogy of infections. More strains have had their entire genome sequences published,
providing additional insights into pathogenic mechanisms. Clinically significant ac-
quired macrolide resistance has emerged worldwide and is now complicating treat-
ment. In vitro susceptibility testing methods have been standardized, and several
new drugs that may be effective against this organism are undergoing develop-
ment. This review focuses on the many new developments that have occurred over
the past several years that enhance our understanding of this microbe, which is
among the smallest bacterial pathogens but one of great clinical importance.

KEYWORDS Mycoplasma pneumoniae, macrolide resistance, pneumonia, respiratory
pathogens

INTRODUCTION

Since the last review on Mycoplasma pneumoniae was published in Clinical Microbi-
ology Reviews in 2004 (1), considerable new information has been reported con-

cerning the disease spectrum and clinical manifestations of infections caused by this
organism. The first exotoxin (community-acquired respiratory distress [CARDS] toxin)
has been described; acquired macrolide resistance has emerged worldwide; antimicro-
bial susceptibility testing methods have been standardized; several new molecular tests
for M. pneumoniae detection have been described; more strains have had their entire
genome sequences published, providing new insights into pathogenic mechanisms;
and advances in molecular typing systems have enhanced understanding of the
epidemiology of M. pneumoniae infections. Much of the older, historical information
concerning taxonomy, cell biology, histopathology of lung infections, immunology,
and clinical microbiological aspects of M. pneumoniae infections described in earlier
reviews (1–4) is still relevant for understanding this organism and the diseases it causes.
Therefore, the present review focuses on the new developments that have occurred
over the past several years.

MYCOPLASMA PNEUMONIAE INFECTION EPIDEMIOLOGY

M. pneumoniae can induce both upper and lower respiratory infections and occurs
both endemically and epidemically worldwide. Although tracheobronchitis is a more
common clinical manifestation, pneumonia is the most clinically important illness
associated with M. pneumoniae infections. M. pneumoniae may be responsible for about
4 to 8% of community-acquired bacterial pneumonias (CABP) during periods of ende-
micity. However, this organism can cause up to 20 to 40% of CABP in the general
population during epidemics, rising to as much as 70% in closed populations (5, 6). An
estimated 2 million cases occur annually, resulting in about 100,000 hospitalizations of
adults in the United States (7, 8). However, due to the relatively mild nature of many M.
pneumoniae infections, their similarity in presentation to other causes of pneumonia,
and the lack of reliable point-of-care diagnostic tests to confirm the microbiological
diagnosis, many infections as well as clusters and outbreaks are likely to be undetected
(8). The proportion of CABP caused by M. pneumoniae varies according to age, with
school-age children and adolescents being the most common age groups affected, but
this organism can cause infections in persons from infancy up through old age (7–11).
Lack of an organized surveillance program for M. pneumoniae infections in the United
States and most other countries makes it impossible to assess the true impact of this
organism on public health, but data are available from limited surveillance studies and
clinical trials that can provide some insight into the magnitude of disease burden.
Although numerous prospective studies designed to assess etiologies of pneumonia
have been published over the past several years, many of them have significant
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shortcomings, such as limiting investigation only to bacteria, excluding viruses, and
limiting diagnostic testing to suboptimal methods such as serology in lieu of more
accurate techniques such as molecular-based methods.

Global and Regional Epidemics

M. pneumoniae occurs endemically worldwide in many different climates. Infections
tend to be more common in summer or early fall, but can occur at any time of the year.
Japanese researchers have reported that there is a positive correlation between in-
creases in temperature and the occurrence of M. pneumoniae infections, which might
help explain the increased numbers that may occur during warmer months (12, 13).
Epidemics that can encompass broad geographic ranges tend to occur every few years.
Since 2010, several European countries have experienced increased numbers of M.
pneumoniae infections, particularly those in the northern regions (e.g., Denmark, Swe-
den, Norway, England, Germany, Scotland, Finland, the Netherlands, and France) (5, 11,
14–24). Additional epidemics have been reported in Chile, Brazil, Israel, South Korea,
Japan, and China during the same time period (24–30).

Even though there are no organized surveillance programs for M. pneumoniae in the
United States, there are data from focused surveillance programs in some countries and
regions. Surveillance data from England and Wales obtained during 2011 to 2012 using
quantitative real-time PCR on nasopharyngeal (NP) and oropharyngeal (OP) swabs
showed that the incidence of M. pneumoniae infection in children aged less than 16
years was 9%, rising to 14.3% in the 5- to 14-year-olds. Only 1 of 60 (1.6%) children less
than 5 years of age was PCR positive (31). In contrast, in an analysis of 1,232 PCR-
positive laboratory samples from Scotland obtained between 2008 and 2011, Gadsby
and colleagues noted that the highest incidence of M. pneumoniae occurred in the
youngest children. About 29% of the PCR-positive samples were from children aged 4
years and younger, and an additional 18% were from children between 5 and 9 years
of age (11). However, among laboratories that reported serological data, M. pneumoniae
infections were more common among children in the 5- to 9-year age group than
among those in the 0- to 4-year group (18% versus 10.4%, respectively).

M. pneumoniae isolates can be classified into 2 major genetic groups, designated
subtype 1 and subtype 2, based on sequence differences in repetitive elements RepMP2/3
and RepMP4 in the P1 protein gene (32). Parts of these repetitive elements are considered
a reservoir for recombinative processes that have resulted in several subtype variants
(33–41), distinguishable by techniques such as real-time PCR followed by high-
resolution melt analysis (HRM) (41, 42). It has been speculated that the cyclical M.
pneumoniae epidemics that tend to occur every few years could be related to a shift
from one P1 subtype to the other, since the two major subtypes are immunologically
distinct and exposure to one subtype may induce transient herd immunity that
suppresses infections with that subtype while allowing the other one to reemerge (43).
Indeed, alternating predominance of subtype 1 or subtype 2 strains in a population
has been documented (44–46). However, this is not always the case, as there can be
cocirculation of both subtypes and multiple variants in the same setting (5, 29, 42,
47, 48).

An analysis of the French epidemic in 2011 found that 82% of isolates were subtype
I, with 18 different multilocus variable-number tandem-repeat analysis (MLVA) subtypes
(discussed further in Molecular Typing below), indicating that the epidemic was poly-
clonal, as were the epidemics in Israel and in England and Wales that occurred at about
the same time (18, 24). However, clonal dissemination of M. pneumoniae within families
and communities clearly occurs (49, 50).

Based on serological assays, the multinational Asian Network for Surveillance of
Resistant Pathogens (ANSORP) reported that M. pneumoniae was responsible for 11% of
CABP in 955 adults and Chlamydia pneumoniae for 13% in eight Asian countries.
Streptococcus pneumoniae, detected in 29% of patients, was the most common organ-
ism identified in that study (51). In a study conducted in Australia during 2004 to 2005
in which 885 adults with pneumonia were recruited from emergency departments, S.
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pneumoniae was the most common pathogen detected (14%) and M. pneumoniae was
second using serology, appearing in 9%. No pathogen was detected in more than half
of the patients. A prospective study conducted in Hong Kong among urban adults
hospitalized with pneumonia in 2004 to 2005 (52) found that 29% had infections with
atypical pathogens. M. pneumoniae was detected by serology in 78/1,193 patients
(6.5%), and C. pneumoniae was detected in 55/1,193 (4.6%). A Chinese study of children
with a clinical diagnosis of pneumonia demonstrated M. pneumoniae using a commer-
cial PCR assay in tracheal aspirates in 26/176 (15%) children, making it the third most
common pathogen detected, following Haemophilus influenzae and S. pneumoniae.
However, over half of the patients had no pathogen detected (53). Samransamruajkit et
al. (54) reported the prevalence of M. pneumoniae and C. pneumoniae in severe CABP
among hospitalized pediatric patients in Thailand in 2005 and 2006. Among 52 patients, 13
(25%) were positive for M. pneumoniae, 8 (15%) were positive for C. pneumoniae, 4 (8%)
were serologically positive for both organisms, and 27 (52%) were negative. Three patients
infected with M. pneumoniae and 2 with C. pneumoniae developed respiratory failure.
Significant limitations to this study were reliance solely on serology and failure to include
detection methods for other microorganisms, including respiratory viruses. A Chinese
study conducted in 2008 to 2009 (55) used PCR and culture to detect M. pneumoniae
in 62/215 (29%) adult outpatients with pneumonia. As reported in some of the other
studies, no microbiological diagnosis was possible in more than half of all patients
tested. In a prospective study of adult outpatients with CABP in Germany between 2002
and 2006, there were 7% (307/4,532) patients who were PCR positive for M. pneumoniae
by real-time PCR and/or positive for elevated IgM antibodies (56). Another German
study (57) used real-time PCR to test adult patients with confirmed CABP for infection
with M. pneumoniae during 2011 to 2012. Overall, 12.3% (96/783) of samples were PCR
positive. The results from a large international clinical trial of CABP conducted in 16
countries in adults with radiologically demonstrated pneumonia suggested a microbi-
ological etiology in 54% of patients enrolled, with M. pneumoniae detected by PCR
and/or culture in 9% (58).

The U.S. Centers for Disease Control and Prevention (CDC) performed surveillance
for radiologically confirmed community-acquired pneumonia in hospitalized children
and adults in 2010 to 2012 (EPIC Study), using real-time PCR for detection of M.
pneumoniae (59, 60). A viral or bacterial pathogen was detected in 81% (1,802/2,222) of
children, with multiple pathogens detected in 26%. However, bacteria alone were
found in only 175 (8%). Respiratory viruses were the most commonly detected patho-
gens in children. M. pneumoniae was detected in 8%, compared to 4% for S. pneu-
moniae. M. pneumoniae was more common in children 5 years of age or older than in
younger ones (60). M. pneumoniae was detected in only 43/2,247 (2%) of adult patients
(59). No pathogen was detected in the majority of adult patients. The relatively low
frequency of detection for M. pneumoniae in some of the aforementioned studies in
comparison to others probably reflects variable virulence factors, including the fact
that some were done during periods when there was a low level of M. pneumoniae
circulating in the respective communities where the studies took place as opposed to
an epidemic period. In addition, the ages of the patients being sampled, as well as the
laboratory methods used in identification of the pathogen, varied among the studies.

Coexistence of M. pneumoniae with other agents of CABP is also common. Jain and
colleagues from the CDC (60) reported coinfections in 28% of patients. Another recent
study of hospitalized patients with CABP from the CDC (61) found one or more coinfections
in 125/209 (60%) NP or OP specimens that were positive for M. pneumoniae using a TaqMan
Array. They noted that such coinfections were found predominantly in children. There were
34 (16%) coinfections with bacteria and viruses, 17 (8%) infections with viruses alone, and
74 (45%) with bacteria alone. Using the Biofire FilmArray, Zheng and coworkers (62)
reported that 26/80 (33%) respiratory specimens from symptomatic children had a viral
pathogen detected along with M. pneumoniae. A study from China using only serology
demonstrated that M. pneumoniae was present along with other bacteria or viruses in 46
of 77 (60%) children (63). Whether such coinfection involving M. pneumoniae with multiple
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other pathogens is related to severity of illness in these patients is not known, but Mandell
has previously noted that mixed infections with bacteria and viruses tend to be associated
with more severe illnesses (64).

Local Outbreaks in the United States

The CDC has described several clusters and outbreaks of M. pneumoniae infections
in various states over the past several years, using serology, molecular-based detection,
and strain typing techniques to characterize these events (65–70). Between 2006 and
2013, there were 17 CDC-assisted investigations of sporadic cases, clusters, and local
outbreaks (47). M. pneumoniae caused an outbreak of pneumonia involving 57 students
in 4 Rhode Island schools in 2006 to 2007 and was associated with the development of
life-threatening encephalitis in 2 children. Investigators demonstrated that infection
from the schools also spread in households, further amplifying the outbreak (70). An
outbreak in West Virginia in 2011 involved all 8 schools in two counties, in which there
were 125 cases of pneumonia. Among those, 23/43 (53%) were PCR positive. Eighty-
three cases of pneumonia were identified in a 2012 outbreak at a Georgia college,
making it the largest outbreak since 1979 (66, 71). There were 12 of 19 persons (63%)
who were PCR positive. Five persons required hospitalization, indicative of the potential
seriousness of these infections and the needs for prompt outbreak recognition and
implementation of public health control measures to limit transmission and complica-
tions (66). The potential severity of M. pneumoniae infection was also illustrated in
another CDC investigation of a healthy South Carolina woman who developed pneu-
monia requiring mechanical ventilation for 13 days in 2013. In addition, her 55-year-old
uncle and 26-year-old cousin were also hospitalized with similar symptoms and re-
quired mechanical ventilation for respiratory failure. M. pneumoniae was identified
by PCR from the cousin of the index case (69). In 2014, an outbreak occurred in a
long-term-care facility in Nebraska. The illness eventually involved 55 persons with 7
deaths, resulting in closure of the facility to new patients for a period of time (65). There
were 41 probable and 14 PCR-confirmed cases of pneumonia due to M. pneumoniae.
Even though institutional outbreaks of M. pneumoniae are well known, this one was
unusual because of the type of facility and the number of fatalities. In another outbreak,
the primary manifestation in several children hospitalized in Colorado during 2013 was
Stevens-Johnson syndrome (SJS) with mucosal and cutaneous bullous lesions, which
are well known complications of M. pneumoniae infections that rarely occur in epide-
miological clusters (67). Strain typing during CDC-assisted investigations confirmed the
cocirculation of both major subtypes and multiple MLVA types, with strain diversity
within individual outbreaks. MLVA types 4-5-7-2, 3-5-6-2, and 3-6-6-2 accounted for
97% of all infections analyzed between 2006 and 2013 (47). MLVA type 4-5-7-2 strains
were subtype 1, while type 3-5-6-2 isolates were subtype 2 (72). Additional community
and institutional outbreaks of macrolide-resistant M. pneumoniae (MRMP) have been
reported, and those are described in “Macrolide Resistance” below. Due to the long
incubation period and prolonged carriage of M. pneumoniae after resolution of illness,
outbreaks can last for several months (47). In some of these outbreaks M. pneumoniae
was not suspected initially, resulting in a delay of diagnostic testing and implementa-
tion of strict infection control measures needed to be implemented in a timely manner
to contain the illness and reduce morbidity and mortality. Another interesting
outbreak of respiratory illness occurred on a United States navy vessel in 2006 to
2007. There were 179 cases of acute respiratory illness reported in military person-
nel over a 4-month period, including 50 cases of radiographically confirmed pneumo-
nias. Using PCR and cultures from a subset of the affected persons, M. pneumoniae was
confirmed to be the etiological agent (73). This is the first documented M. pneumoniae
outbreak on a ship, although outbreaks on military bases are well known (4).

Infection and Carriage in the Upper Respiratory Tract

Although most epidemiological and clinical studies involving M. pneumoniae have
focused on CABP, some prospective investigations have assessed its role in upper
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respiratory tract infections. Using serology and/or a positive PCR assay, Esposito et al.
reported that among 127 children with acute pharyngitis aged 6 months to 14 years,
M. pneumoniae was the most common bacterial etiology (25 patients, 19.7%) (74).
These investigators also performed a prospective, randomized study of children with
pharyngitis due to M. pneumoniae or C. pneumoniae comparing azithromycin with
acetaminophen to acetaminophen alone, which showed benefit of treatment for
pharyngitis caused by M. pneumoniae (75). In contrast, a recent study of 312 students
aged 15 to 30 years presenting to a university student health clinic with an acute sore
throat found that Fusobacterium necrophorum was detected by real-time PCR in 21% of
patients, Streptococcus pyogenes was detected in 10% of patients, group C/G beta-
hemolytic streptococcus was detected in 9% of patients, and M. pneumoniae was
detected in only 1.9% of patients, suggesting that it is not an important cause of
pharyngitis in this population (76). A study of children undergoing adenotonsillec-
tomy for recurrent upper respiratory infections reported that tonsil or adenoid
tissue from 6 of 55 (11%) of them were PCR positive for M. pneumoniae. However,
there was no control group for comparison (77). M. pneumoniae is also uncommon
in other upper respiratory conditions, such as otitis media, rhinosinusitis, and the
common cold (78, 79).

Natural immunity to M. pneumoniae infections is usually short-lived as evidenced by
the frequency of reinfections in the same persons over time, and organisms continue
to be shed for variable periods after resolution of clinical illness. This observation
indicates a failure of natural immunity to eliminate the organisms, leading to prolonged
carriage in some instances. Moreover, macrolide and tetracycline antibiotics commonly
used to treat mycoplasmal infections are bacteriostatic agents and thus may contribute
to prolonged carriage. A study from the Netherlands (80) found M. pneumoniae DNA in
21% of asymptomatic children versus 16% of symptomatic children and in similar
bacterial loads. They also found that the organisms can persist for up to 4 months in
the absence of clinical illness and that carriage rates were variable between seasons
and sampling years. A study from the United States reported that 56% of healthy
children carried M. pneumoniae in the upper respiratory tract, and carriage rates of 6.7%
to 13% were described during an outbreak investigation (81). However, another study
that included students with no symptoms of pharyngitis or other respiratory infection
attending a university health clinic found 0 of 180 individuals were positive for M.
pneumoniae by PCR on OP swabs (76). Other studies also reported low rates of carriage
in healthy persons. Palma et al. (82) found that only 4/185 asymptomatic children in
Chile were PCR positive. Reasons for different carriage rates among published studies
are not readily apparent, other than they could be related to the prevalence of the
organisms in the local community at a given time. It appears that no single detection
method or interpretation is capable of reliably differentiating colonization from infec-
tion (83).

NEW DEVELOPMENTS IN PATHOGENESIS AND HOST DEFENSE

M. pneumoniae is an obligate parasite. Therefore, it can be quite difficult to distin-
guish bona fide virulence factors from general cellular processes. The ability to grow M.
pneumoniae in culture axenically and to obtain mutants with reduced ability to cause
disease can provide useful measures of what constitutes virulence factors and also
provide insights regarding interactions between M. pneumoniae and host cells. Con-
siderable knowledge concerning pathogenesis of M. pneumoniae infections has also
been derived from use of animal models, primarily chimpanzees, hamsters, guinea pigs,
and mice, and from cell cultures in vitro (84). Murine models have been especially useful
to understand host-microbe interactions because of the availability of transgenic mice.
However, unlike chimpanzees, in which mycoplasmal disease is very similar to that of
humans, infections in mice may differ in terms of pathology, disease progression, and
host-pathogen interactions (84). Animal studies have also shown M. pneumoniae infec-
tion to be influenced by gender, age, genetic background, and environmental stress,
factors which may contribute to the wide range of clinical manifestations that occur in
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human disease (85, 86). Against a host-derived onslaught of proinflammatory cytokines,
such as interleukin-8 (IL-8), IL-6, IL-10, tumor necrosis factor alpha (TNF-�), and IL-1-�,
and cellular elements, including neutrophils, lymphocytes and macrophages, and mast
cells, M. pneumoniae adheres in close proximity to the epithelial cell surface, where it
uses toxic molecules to damage host cells, inducing ciliostasis and epithelial desqua-
mation, in an effort to acquire the critical nutrients that, unlike bacteria with less
streamlined genomes, it cannot make for itself (4, 87).

Cytadherence

Adherence of M. pneumoniae to host cells is absolutely critical for virulence, as
evidenced by the absence of virulence in strains deficient for this property (88). This
requirement for cytadherence is likely to be related to access to nutrients available from
the host cell and might also promote evasion of the host immune response. Binding of
M. pneumoniae to the host cell surfaces relies on proteins modified with sialic acid (89)
and sulfated glycolipids (90). Adherence is itself inherently required for gliding motility
of M. pneumoniae cells on surfaces (91), a function linked to both cell division (92) and
spreading during infection (93). Gliding motility of M. pneumoniae is unidirectional (91),
not known to be associated with chemotaxis, and mechanistically distinct from similar
processes in distantly related organisms, including Mycoplasma mobile (94). Intrigu-
ingly, a nearly nonmotile M. pneumoniae mutant, II-3R, which retains most of its
cytadherence capability, is avirulent (95), suggesting that at least part of what makes
cytadherence essential for virulence is its ability to confer motility. Invasion of host
cells occurs in some tissue culture models but not with normal human bronchial
epithelial (NHBE) cells (96). Studies with NHBE cells suggest that once M. pneu-
moniae cells traverse the mucus layer, cilia are an initial attachment site, followed
by translocation to the host cell surface, presumably via gliding motility (93). These
cells respond by stimulating mucin production at the transcriptional level, exacerbating
disease symptoms (97). M. pneumoniae cells can organize on surfaces as biofilms (98)
with strain-specific phenotypic differences (99), suggesting a further role for adherence
in the disease process and perhaps promoting resistance to host defenses, antibiotics,
or both.

Both cytadherence and motility require an attachment organelle, a polar cellular
projection about 290 nm in length that is continuous with the cell membrane (100).
Biogenesis of the attachment organelle, which appears to occur by template-mediated
duplication of its internal cytoskeletal core starting at the distal end and proceeding
toward the base of the structure, occurs coincident with onset of DNA replication (101).
Two broad classes of proteins associated with motility and cytadherence are present in
the attachment organelle: those directly associated with these functions and those that
provide underlying structural and organizational support in the form of the cytoskeletal
core. Control of phosphorylation of many of these proteins by the kinase and phos-
phatase pair PrkC and PrpC is poorly understood at the regulatory level but essential for
function (102). However, phosphorylation of M. pneumoniae proteins is widespread
even in the absence of PrkC, suggesting the existence of other means by which proteins
become phosphorylated (103). Although undiscovered protein kinases may exist, at
least some proteins, such as enolase, are labeled with phosphate because of their
covalent linkage to phospholipids, representing a recently discovered means by which
proteins may be targeted to the plasma membrane. P1 is considered to be the primary
protein adhesin of M. pneumoniae because antibodies against P1 block cytadherence
(104) and a mutant lacking P1 is nonadherent and avirulent (105). P1 from M. pneu-
moniae cultures copurifies with protein B but not protein C (106), which is derived
proteolytically from a common precursor with protein B, called open reading frame 6
(ORF6) (107–109), and colocalizes with it and P1. The purified P1-B complex, which
appears to be the principal component of the nap layer lining the outer surface of the
attachment organelle, consists of two molecules of protein P1 and two of protein B and
has been visualized as a slightly ovoid structure measuring 19 by 22 nm along its axes
(106). The amino acid sequences of P1 and the ORF6 products are variable among
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isolates (34, 36, 110, 111). This variation likely stems from recombination of the genes
with a series of repeat elements designated RepMP2/3, RepMP4, and RepMP5 (32, 112),
which are scattered throughout the genome (113).

Transmembrane proteins P1, B (P90), C (P40), and P30 are most directly implicated in
cytadherence. There is no evidence that sequence variation leads to functional changes in
the affected proteins, supporting the idea that the variation in their sequence principally
serves to generate antigenic variation. Another repeat element, RepMP1, is also present and
associated with complex changes in an expression site unrelated to P1 and ORF6, poten-
tially constituting an independent source of antigenic variation. Protein P30 is a transmem-
brane protein localized to the very distal tip of the attachment organelle (114). It contains
an unusually long leader sequence which must be processed for protein function, a
cytoplasmic N-terminal domain, and an extracellular domain following a single trans-
membrane domain, (115, 116). Loss of the cytoplasmic domain results in loss of
cytadherence without impacting other visible phenotypes, suggesting an important
role for P30 in conveyance of signals from the cell interior to the exterior to activate key
steps in cytadherence and motility (117). The transmembrane domain of P30 cannot be
replaced with that of another protein, suggesting that control of cytadherence and
motility occurs at least partly through intramembrane interactions (116). The surface-
exposed C-terminal portion of P30 is highly enriched in imperfect proline-rich repeats
(115). Reduction in the number of repeats compromises P30 stability and gliding speed
(107–109).

The cytoskeletal core of the M. pneumoniae is required for attachment organelle
formation and localization of the adhesins to this cell pole (100). Proteins HMW1 and
HMW2 appear to constitute at least some of the mass of the thin and thick parallel
plates, respectively (118), that define the cytoskeletal rod structure (34, 36, 110, 111).
Proteins HMW3 and P65 localize to the region of the terminal button at the distal end
of the core (118). Although transmembrane protein P30 is required for stability of P65
(119), a truncated P65 results in weakened association of P30 with cells (120). Proteins
at the proximal base of the core include P200, MPN387, P41, TopJ, and P24 (121, 122).
P200 (123) and MPN387 (118, 120) are both specifically implicated in motility. P41 acts
as a linchpin in whose absence attachment organelles are prone to detaching from cells
(124). Attachment organelle cores are fully assembled in the absence of TopJ, a DnaJ
family cochaperone protein (121), but have a high rate of failure to protrude from the
cytoplasm to make a visible attachment organelle (125). Attachment organelles are
nonfunctional in the absence of TopJ, because of either the mispositioned cores or the
alterations to P1. Both the P1 proteolytic susceptibility and the irregularities associated
with the core are recapitulated by alteration of amino acid residues known in DnaJ to
be involved in protein folding functions (125, 126). The coupling between attachment
organelle duplication and DNA replication onset is severed in the absence of protein
P24 (127). Considering that there is a physical association of chromosomal DNA with
the base of the attachment organelle core in species closely related to M. pneumoniae
(128, 129), it is likely that P24 lies at the heart of the mechanism controlling timing and
location of attachment organelle duplication.

X-ray crystallography has revealed the structures of some attachment organelle
components in M. pneumoniae and its close relatives, including MPN387 (130), P41
(131), and a protein-protein interaction motif, the EAGR box (132), found only in a few
attachment organelle proteins (133). Electron cryotomographic imaging has also re-
vealed information about the architecture of the cytoskeletal core of the attachment
organelle (134, 135). In combination with immunogold electron microscopy and pro-
teomics, these advancements have led to models about how motility occurs. Differ-
ences between samples in the orientation or spacing of elements within the thick plate
of the core have led to the suggestion that stretching and contraction of the rod drive
movement (134). On the other hand, the variation in rod length within samples was
measured to be minimal (128). In Mycoplasma genitalium, absence of a core, which
normally leads to immotility, can be partly overcome by overproduction of adhesins,
arguing for a primary role of the adhesins and a limited role for the core (136).
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Conceivably, the role of the core is to concentrate and organize the adhesins in one
place so that they can cooperate to drive motility in a catch-and-release manner,
similarly to eukaryotic cytoskeletal motors and the unrelated motor of M. mobile (94).

Although primary cytadherence requires the attachment organelle, M. pneumoniae
also has attachment organelle-independent adherence factors that likely do not come
into play until after the attachment organelle has initiated binding. Generally speaking,
these factors are moonlighting proteins, which are proteins with more than one
nonoverlapping function (137). Many of these proteins present on the cell surface,
despite having better-characterized roles in the cytoplasm and a lack of described
export signals, have related activities in other bacteria. Fibronectin-binding proteins of
M. pneumoniae include elongation factor Tu and pyruvate dehydrogenase subunit
E1� (138, 139). Various pyruvate dehydrogenase subunits and a number of glycolytic
enzymes also bind to plasminogen (140–142), and glyceraldehyde-3-phosphate dehy-
drogenase has a moonlighting role in binding to fibrinogen (143). It is likely that the
individual role of each of these proteins in binding extracellular matrix components is
small, but together they contribute to robust binding to host cells. Figure 1 shows an
electron micrograph of M. pneumoniae cells demonstrating the prominent attachment
organelle. Figure 2 illustrates the organization of the electron-dense core.

Community-Acquired Respiratory Distress Syndrome Toxin

The discovery of community-acquired respiratory distress syndrome (CARDS) toxin
displaced the dogma that mycoplasmas are devoid of exotoxins. Initially identified as
a surfactant protein A (SP-A)-binding protein, CARDS toxin, with sequence homology
with the S1 subunit of pertussis toxin over part of its length, was subsequently found
to have ADP-ribosyltransferase activity (144, 145). Its overall structure as revealed
through X-ray crystallography is unique relative to that of other ADP-ribosylating
bacterial toxins (146). Similar proteins are encoded only in the genomes of a small
number of other mycoplasmas, making CARDS toxin a mycoplasma-specific molecule.
CARDS toxin is strongly implicated as a significant virulence factor of M. pneumoniae by
a variety of lines of experimentation. Transcription of the CARDS toxin-encoding gene
(MPN372) is induced and protein levels increase upon exposure of M. pneumoniae to
host cells, supporting roles for this protein in host cell interactions. Administration of
purified recombinant CARDS toxin to model animals reproduces substantial features
of M. pneumoniae disease, including increased cytokine production, eosinophilia, and
hyperreactivity of the airway closely resembling asthma (147–149). Just as occurs in
tissue culture cells treated with CARDS toxin, infected areas of animal respiratory tracts
exhibit ciliostasis (145, 147). Positive correlation between CARDS toxin production and

FIG 1 Electron micrograph of Mycoplasma pneumoniae cells, demonstrating flask-shaped morphology
and a prominent attachment tip structure.
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severity of disease among M. pneumoniae strains in an animal model reinforces the
significance of this toxin as a disease determinant (150). Additionally, antibody re-
sponses to CARDS toxin can be demonstrated in humans with M. pneumoniae infection,
further supporting its role in human disease (145). Recombinant CARDS toxin also
induces considerable formation of Rab9-associated vacuoles in tissue culture cells (151).

It is not known what all of the host cell substrates of CARDS toxin are, but one likely
significant cellular target is nucleotide-binding domain and leucine-rich repeat protein
3 (NLRP3), a cytoplasmic sensor for diverse microbial pathogen-associated molecular
patterns (PAMPs) and danger-associated molecular patterns (DAMPs) that triggers
assembly of the best known of four subunits of the inflammasome complexes, mac-
romolecular assemblages of proteins whose roles are, upon stimulation, to activate a
protease that itself activates interleukin-1�, mediating inflammation (152, 153). Whether
ADP-ribosylation of NLRP3 by CARDS toxin affects NLRP3 activity is unknown at present,
but it is tempting to speculate that by modifying this protein, M. pneumoniae may be able
to downregulate host innate inflammatory responses. To reach its substrates, CARDS toxin
is translocated from the M. pneumoniae cell to the interior of the host cell by clathrin-
mediated endocytosis (154). CARDS toxin lacks conventional export signals, but up to 10%
of total CARDS toxin is located on the surface of M. pneumoniae cells (155). The receptors
for CARDS toxin appear to be not only surfactant protein A but also annexin A2 (156), and
the protein also has phosphatidylcholine- and sphingomyelin-binding activity, presumably
fostering interactions with the outer leaflet of the host cell membrane. Increased produc-
tion of annexin A2 in tissue culture cells also increased CARDS toxin binding and toxicity
(156), underscoring the importance of this receptor. It relies on its unusual C-terminal
domain to enter host cells through a clathrin-mediated mechanism, although the mecha-
nism by which endocytosis is triggered is unknown.

Other Virulence Factors

During infection, hydrogen peroxide is used by both pathogens and hosts to cripple
the opposing member of the interaction. Production of hydrogen peroxide is impli-

FIG 2 Organization of the electron-dense core of the M. pneumoniae attachment organelle. Within the
attachment organelle membrane, which is enriched for the transmembrane adhesin P1 and its binding
partners, proteins B (P90) and C (P40) (106, 108), is an electron-dense core about 290 nm in length with
a characteristic bend (134, 135). The core consists of several substructures. At the distal end, likely
interacting with the transmembrane adhesin P30, which is restricted to the tip of the attachment
organelle (114), is the terminal button, containing proteins P65 and HMW3 (118). The terminal button is
in contact with the thick plate, containing protein HMW2 (118, 473). Parallel to the thick plate is the thin
plate, which contains HMW1 (118). Adjacent to the plates at the end close to the cell body, and likely in
contact with the chromosomal DNA (128), is the bowl complex, which contains proteins P200, TopJ, P41,
and P24 and a protein that arises from an internal translational start within the gene coding for HMW2,
called P28 or HMW2-S (118, 474). The bowl complex may be in contact with the membrane. Between the
core and the attachment organelle membrane is an electron-lucent space of uncertain composition. This
figure was generated with the assistance of Natalie Clines and Patrick Lane.
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cated in M. pneumoniae pathogenesis based principally on two observations. First,
Mycoplasma mycoides subsp. mycoides SC, a very significant animal pathogen, is
considerably attenuated as a pathogen in a strain in which hydrogen peroxide pro-
duction is compromised at the genetic level, and there is further strong evidence that
there is a causative relationship between hydrogen peroxide and disease for this
organism (157, 158). Second, cytotoxicity of M. pneumoniae to tissue culture cells is
markedly reduced in mutant strains unable to produce hydrogen peroxide (159).

Most hydrogen peroxide is generated in M. pneumoniae by glycerol-3-phosphate
(G3P) oxidase, referred to in the literature as either GlpD or GlpO (159, 160). Its
substrate, G3P, can be derived from free glycerol, whose phosphorylation is catalyzed
by glycerol kinase (GlpK) after transport into the cytoplasm by the glycerol facilitator
(GlpF) (161). G3P can also be generated by the action of glycerophosphodiesterase
(GlpQ) on glycerophosphocholine (GPC) (161), taken up via the GlpU transporter (162).
M. pneumoniae is quite likely to encounter GPC during infection, as it arises from the
action of lipases, whether derived from M. pneumoniae or from other inhabitants of
the respiratory tract on membrane phospholipids. GlpO is also capable of using the
glycolytic intermediate glyceraldehyde-3-phosphate as a peroxigenic substrate with
low affinity (163). Given that all ATP-generating pathways in M. pneumoniae flow
through the three-carbon stage of glycolysis, this relaxed substrate specificity
ensures that as long as M. pneumoniae is metabolically active, a basal level of hydrogen
peroxide is produced. The fact that loss of GlpO in Mycoplasma gallisepticum, which
carries out the pathway for metabolizing free glycerol but lacks the GPC metabolic
pathway, has little impact on virulence in an animal infection model raises the possi-
bility that the GPC pathway is more physiologically relevant for hydrogen peroxide
generation in vivo than the pathway for metabolism of free glycerol in M. pneumoniae.

Lysis of red blood cells in vivo has been attributed to hydrogen peroxide, but
evidence has suggested that although this molecule contributes significantly to
hemoxidation, it does not cause hemolysis. The observation that hemolysis by Myco-
plasma penetrans increases in the presence of cysteine (164) was possibly explained
by the discovery in M. pneumoniae of an enzyme, cysteine desulfurase/desulfhydrase,
designated HapE, with unusual properties linked to hemolysis (165). Acting as a
desulfurase, it converts cysteine to alanine, but in its capacity as a desulfhydrase, HapE
converts cysteine to pyruvate and hydrogen sulfide. Recombinantly produced HapE
causes hemolysis in the presence of cysteine, implicating hydrogen sulfide in hemolysis
and making HapE a potential virulence factor of M. pneumoniae.

The absence of catalase from most mycoplasma species, including those that, like M.
pneumoniae, produce hydrogen peroxide, has raised questions of how mycoplasmas
protect themselves from this toxic molecule. The activities of enzymes of M. genitalium
that control the damage done by reactive oxygen species, such as peptide methionine
sulfoxide reductase (166), organic hydroperoxide reductase (167), and hydroperoxide
peroxidase (168), have been described. However, direct reduction of hydrogen perox-
ide by catalase among mycoplasmas is described only in Mycoplasma iowae (169). The
fact that M. gallisepticum engineered to produce catalase is strongly attenuated for
toxicity in the invertebrate animal model Caenorhabditis elegans (169, 170) not only
underscores the pathogenic value of reactive oxygen species but also might explain the
absence of catalase in M. pneumoniae.

Another potential virulence factor of M. pneumoniae, encoded by MPN133, is a
lipoprotein with two distinct functions attributed to it. MPN133 is implicated in uptake
of free glycerol (162). However, recombinant MPN133 is also a calcium-dependent
nuclease that degrades not only RNA but also DNA (171). This cytotoxic protein binds
to, becomes internalized by, and reaches the nuclei of tissue culture cells in a manner
dependent upon an unusual motif enriched in hydrophilic amino acids. Interestingly,
the critical motif for host cell entry, which is dispensable for nuclease activity, is absent
in the M. genitalium homolog of this protein (171), suggesting that if the nucleolytic
activity of MPN133 is a virulence factor, its function might be limited to M. pneumoniae.
It is unclear how these two functions are related, suggesting that MPN133 is a
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moonlighting protein with two distinct roles in virulence. Additional recent evidence of
nucleases as a virulence factor in M. pneumoniae comes from a study by Yamamoto et
al. (172), who demonstrated that when heat-killed M. pneumoniae is coincubated with
neutrophils, the formation of neutrophil extracellular traps (NETs) occurs. However,
when live M. pneumoniae is coincubated with neutrophils, the viability of the bacteria
is not affected and few NETs are detected. Using transposon mutagenesis coupled with
experiments in a mouse model of infection, MPN491 was identified as a magnesium-
dependent nuclease secreted by M. pneumoniae that is responsible for degradation of
NETs and enhancement of bacterial survival.

Importance of Host Factors

As in some other types of infections, the characteristics and magnitude of the host
immune response and the immunocompetence of the host can dramatically affect the
clinical outcome of M. pneumoniae respiratory disease and the myriad of extrapulmo-
nary complications that can occur. Host immunity involving macrophages, mast cells,
neutrophils, and natural killer (NK) cells, as well as T and B lymphocytes and humoral
immune responses, have been studied extensively for many years. Even though the
humoral response to infection does not provide complete immunity to future infec-
tions, the importance of an intact humoral immune system in the containment of
disease is apparent, since persons with antibody deficiency can develop severe and
prolonged respiratory illness due to M. pneumoniae (173) and the risk of extrapulmo-
nary complications such as meningitis and arthritis also increases (1–3, 84, 174, 175).

Once the organisms reach the lower respiratory tract, they are opsonized by antibody
and complement and then phagocytized by activated macrophages. Subsequently, an
inflammatory exudate comprised of neutrophils and lymphocytes develops. A critical
importance of pulmonary macrophages in controlling M. pneumoniae infection was
demonstrated in a murine model by Lai et al. (176), who found that macrophage
depletion, but not neutrophils, impairs organism clearance, consistent with studies
of the rodent pathogen Mycoplasma pulmonis, in which macrophages determine the
extent of lung infection (84). Macrophage activation and subsequent killing of M.
pneumoniae are dependent on Toll-like receptor (TLR), particularly TLR2, recogni-
tion (177, 178), results that are further confirmed by deficient clearance seen in mice
deficient in the essential TLR signaling protein MyD88 (176). Macrophage-derived
cytokines IL-18 and IL-8 are directly related to severity of mycoplasmal pneumonia
(179). The proinflammatory cytokine IL-18 activates T cells, while the chemokine IL-8,
also produced by pulmonary epithelial and smooth muscle cells, is a potent neutrophil
chemoattractant (180). Following cytadherence, M. pneumoniae stimulates mast cells to
produce IL-4 and also activates and induces cytokine production by peripheral blood
leukocytes, respiratory epithelial cells, and macrophages. One study utilized a murine
model to demonstrate that cathelicidin-related antimicrobial peptide (CRAMP) reduced
the growth of M. pneumoniae in vitro by 100- to 1,000-fold and that the presence of the
organisms stimulated the release of this peptide from murine neutrophils. These results
suggested that release of CRAMP from neutrophils in M. pneumoniae infection in mice
(and, thus, potentially the related LL-37 cathelicidin in humans) may serve an important
role in the host innate immune response (181).

Research using both mouse models and airway tissue culture models has demon-
strated that resistance to infection by M. pneumoniae is facilitated by a number of
host-produced factors. SPLUNC1 was previously characterized as a highly positively
charged, bactericidal protein produced in the respiratory tract that binds lipopoly-
saccharide, supporting a role in protection against Gram-negative bacteria (182). An
additional role for SPLUNC1 in protection against M. pneumoniae infection was
suggested by the ability of the recombinant protein to reduce growth of the
bacteria in vitro (182, 183), partially through activation of neutrophils and induction
of human neutrophil elastase (184). Reduction in expression of SPLUNC1 is accom-
panied by increased growth of M. pneumoniae in tissue culture models (183).
Conversely, SPLUNC1 expression is stimulated by M. pneumoniae infection through
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TLR2-mediated signaling of mitogen-activated protein kinase (MAPK) and activator
protein-1 (AP-1) (185) Interestingly, the increased production of SPLUNC1 is impaired in
the presence of IL-13, an allergy-associated cytokine, and IL-13 also reduces the activity
of albuterol and formoterol in decreasing M. pneumoniae levels in tissue culture cells,
suggesting that this defense mechanism is disrupted during an allergic response (186).
zTLR2 and NF-�B also protect against M. pneumoniae infection through stimulation of
the heat shock response (187, 188).

The results of microbial virulence determinant interactions with host bronchial
epithelium cells, and the ensuing host inflammatory and immune responses, are
cytopathic effects characterized by reduction in oxygen consumption, glucose utiliza-
tion, amino acid uptake, and macromolecular synthesis with loss of cilia, vacuolation,
exfoliation, and the production of pneumonic infiltrates (84). These gross structural,
cellular, and subcellular changes translate into the typical clinical manifestation of a
persistent hacking cough which is well known in M. pneumoniae infections. Recent
studies suggest that the severity of illness is related to the degree of ciliary damage
(189). Cytokine production and lymphocyte activation may either minimize disease and
eliminate the mycoplasmas or exacerbate disease through immunological hypersensi-
tivity and worsening damage to the respiratory epithelium. The more vigorous the
cytokine stimulation and cell-mediated response, the more severe pulmonary injury
becomes.

NEW INSIGHTS INTO CLINICAL MANIFESTATIONS AND IMMUNOLOGICAL
COMPLICATIONS
Clinical Presentation

The clinical presentation of M. pneumoniae infection varies widely. The most
common manifestation is tracheobronchitis, with a cough that may either be dry or
productive of mucoid or mucopurulent sputum. Many patients may have nonspe-
cific symptoms resembling those of an upper respiratory infection, which may
include headache, sore throat, coryza, and otitis media. Those patients complaining
of sore throat do not typically have exudates or lymphadenopathy. Chest auscul-
tation may reveal coarse rales and rhonchi if disease is limited to tracheobronchitis
and fine inspiratory rales and dullness at lung bases if pneumonia has developed.
Experimental infection has shown that the patients with more severe symptoms
following infection are those without preexisting antibody (190). Since several different
bacteria as well as viruses can produce lower respiratory infections with similar clinical
manifestations, attempting to achieve a precise microbiological diagnosis requires
additional laboratory testing at considerable expense. In a large study from China
evaluating more than 12,000 children hospitalized for respiratory infections, the
investigators were unable to identify any particular pattern of symptoms or labo-
ratory findings to distinguish children with evidence of M. pneumoniae infection
(191). However, the Japanese Respiratory Society (JRS) has developed a set of clinical
parameters to predict whether adults have pneumonia due to M. pneumoniae in order
to guide patient management and antimicrobial therapy. Application of these param-
eters in a recent evaluation of patients who had mycoplasmal infection confirmed by
serology and/or culture indicated that the sensitivity of the JRS scoring system was 83%
(192).

This disease often spreads slowly through families, with an incubation time of
approximately 23 days. The index case is likely to be an older child, 5 to 14 years
of age, and children under five are more likely to have milder disease. In one study, M.
pneumoniae infection typically resulted in a prolonged cough that lasted 3 to 4 weeks
in older children and adolescents and an average of 54 days in adults (193).

Additional respiratory-related illnesses caused by M. pneumoniae include lung ab-
scesses, bronchiolitis obliterans with organizing pneumonia, cellular bronchiolitis, bron-
chiectasis, pulmonary embolism, pleural effusion with empyema, chronic interstitial
fibrosis, and adult respiratory distress syndrome (194). M. pneumoniae IgM antibody
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was detected in 10 of 42 children with postinfectious bronchiolitis obliterans, second
only to adenovirus in association with this condition (195).

Occurrences of fulminant and/or fatal cases of M. pneumoniae have been known for
50 years but are quite uncommon. Although the pathogenesis is incompletely under-
stood, persons with severe illness may experience a hyperimmune response in the lung
as a result of prior infections priming the immune system. They may also be unable to
eradicate the organism from the lung, resulting in a prolonged infection which further
stimulates the immune system. Finally, they may have overactive macrophages and
lymphocytes, adversely affecting cellular immunity (196). Deaths have occurred in
otherwise healthy younger persons, as well as older persons with underlying diseases
(197). Two studies reported that the bacterial load of M. pneumoniae in OP specimens
is higher in patients with more severe illness requiring hospitalization than in patients
with less severe infections who could be treated as outpatients (48, 198), and a third
study found that the same was true for bronchoalveolar lavage (BAL) fluid specimens
(199). In fatal cases, death has been associated with diffuse pneumonia, adult respira-
tory distress syndrome, vascular thrombosis, and disseminated intravascular coagula-
tion, often with multiorgan failure (194). In some instances, death has occurred from
extrapulmonary complications such as SJS without a prominent respiratory component
(196, 200). Kannan and colleagues described an extraordinary cluster of M. pneumoniae
infections in a single Texas family in which 5 previously healthy siblings developed
respiratory infection requiring hospitalization; 2 of them, a 15-year-old male and a
13-year-old female, experienced acute respiratory failure and died (194). M. pneumoniae
infection was confirmed by serology and PCR on lung tissue. The autopsy of the
15-year-old male showed hypoxic ischemic encephalopathy and acute and organizing
pneumonia with bronchiolitis obliterans. Lung and serum samples from the female
sibling were PCR positive. Her autopsy showed bronchiolitis and focal sites of bron-
chiolitis obliterans with alveolar edema and intra-alveolar hemorrhages. Immunostain-
ing and immunoelectron microscopy demonstrated the organisms localized on the
surface of bronchiolar epithelium, as well as the presence of CARDS toxin. M. pneu-
moniae was also isolated from lung tissue from sibling 2. Muir and colleagues sug-
gested that the CARDS toxin may cause significant pulmonary inflammation, cytokine
release, and airway dysfunction that may be responsible for respiratory failure in
critically ill patients such as these fatalities (201). This hypothesis is supported by
experiments in mice and baboons (147).

Laboratory evaluation of patients with M. pneumoniae infection is typically nondi-
agnostic in patients with mild disease with normal complete blood counts, electrolytes,
hepatic function, and renal function. C-reactive protein (CRP) may be mildly elevated.
In patients with more severe disease, particularly primary atypical pneumonia, inflam-
matory markers (CRP and erythrocyte sedimentation rate) may be markedly elevated,
and about 50% of patients are positive for cold agglutinins. Serum IL-18 levels correlate
with those of lactate dehydrogenase (LDH), and both analytes have some value as
predictors of more severe or refractory illness (202). Miyashita et al. suggested that
elevation of LDH can be used as a parameter on which to base initiation of cortico-
steroid therapy for severe mycoplasmal pneumonias because it is more easily measured
in clinical laboratories than IL-18 (202).

Radiographically, M. pneumoniae infection may be indistinguishable from a viral
lower respiratory infection, with patchy airspace consolidation and �round glass opac-
ities. The more pronounced radiographic abnormalities are usually in the lower lobes.
Unilateral pleural effusions are particularly common in children. In one recent study,
41% of patients with cough for at least 1 week who were diagnosed with M. pneu-
moniae infection using serology and/or culture were found to have abnormalities on
chest computed tomography (CT) that were absent on chest films, including bronchial
wall thickening (95%), centrilobular nodules (50%), lymphadenopathy (40%), ground-
glass attenuation (31%), and reticular or linear opacities (9%) (203).
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Asthma

The prevalence of asthma has been increasing over the past several decades, and
determining the causes of the disorder in order to identify strategies for prevention and
more effective treatment has been the subject of intense investigation. The majority of
asthma begins early in childhood and is associated with eosinophilic infiltration of the
airways and both atopy and recurrent respiratory infections. A genetic predisposition
toward both allergies and asthma has been known for decades, but the proportion of
the disease attributable to heredity is only about 50% (204). Interestingly, of the genes
that have been identified with a linkage to asthma, many are related to host defense,
which supports the close association of asthma with infection and microbial products
(205).

A number of studies have examined the possibility that infection with specific viral
or bacterial pathogens might be a causal factor in the development of asthma (206).
Data from the Copenhagen Prospective Study on Asthma in Childhood birth cohort
have demonstrated that the immune response to pathogenic bacteria is already distinctive
in infants destined to develop asthma by 6 months of age (207). Further analyses from this
cohort have shown that early colonization of the infant airway by 1 month of age with
S. pneumoniae, H. influenzae, or Moraxella catarrhalis is highly correlated with the
development of asthma. It has recently been proposed that patients with atopic disease
and asthma have defective responses to infection as a result of their Th2-biased
immune responses. Thus, the propensity of asthmatics to suffer exacerbations due to
infection appears to be the result of inherited factors combined with early predisposing
environmental influences, including gastrointestinal dysbiosis and reduced exposure to
environmental microbial products that are important in the development of protective
pulmonary immune responses.

M. pneumoniae has evolved to create persistent infection and seems to be a
formidable microbial opponent for patients with asthma or atopic disease, who
appear to have less robust immune responses to respiratory infections. There are
several questions related to the relationship of M. pneumoniae to asthma to be
considered: first, whether M. pneumoniae is related to asthma pathogenesis; second,
whether M. pneumoniae infection plays a significant role in asthma exacerbations; third,
whether chronic M. pneumoniae infection is related to ongoing airway inflammation in
chronic asthma; and fourth, whether the use of antibiotics such as macrolides can show
a beneficial effect in the subset of asthmatics who harbor M. pneumoniae in their
airways. For the purposes of this review, the studies that will generally be considered
to answer these questions are those employing either PCR or acute- and convalescent-
phase serology with or without culture results. The reason for this, as discussed
elsewhere, is that we believe that single positive serological tests for M. pneumoniae,
while useful in the diagnosis of individual patients, are too fraught with potential error
to be useful for population studies to determine acute or ongoing infection. We will
also consider results obtained by one group using a novel antigen capture assay for the
M. pneumoniae CARDS toxin, a test that appears to offer a very sensitive means of
diagnosing M. pneumoniae infection.

A recent large epidemiologic study from Taiwan provides strong evidence that M.
pneumoniae infection is associated with the development of asthma (208). This study used
data from the National Health Insurance Research Database of Taiwan to compare 1,591
patients with documented M. pneumoniae infection with 6,364 control individuals matched
for age, sex, and incident year for the development of asthma. Patients with M. pneu-
moniae infection had a higher risk of developing asthma, and this risk was further
augmented by comorbidities such as atopic disease. Although this is the strongest
epidemiological study to date linking M. pneumoniae infection to the development of
asthma, it suffers from the drawback that in Taiwan criteria for the diagnosis of M.
pneumoniae infection, in addition to acute- and convalescent-phase IgG titers, are such
that diagnosis can be made with a single positive IgM titer, which can be misleading.
IgM antibody against M. pneumoniae is increased among childhood asthmatics (209)
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and may persist for years (210). Regardless, because of the size of this study, it seems
likely that M. pneumoniae infection has a true association with the development of
chronic asthma in some individuals, particularly those with atopic disease.

There is little question that M. pneumoniae infection, either alone or in combination
with respiratory viruses, is capable of inducing asthma exacerbations, but most studies
suggest that this organism is responsible for a relatively modest proportion of asthma
flares. Five PCR-based studies of acute asthma in hospitalized children revealed an
incidence of M. pneumoniae ranging from 4.5 to 12.4% (211–215). An additional study
based on analyses of acute- and convalescent-phase sera from adults estimated the
incidence of M. pneumoniae at 18% in hospitalized asthmatics compared to 3% in
controls (216). A recent study in adults with refractory asthma revealed a 52% preva-
lence, with 29 of 33 subjects positive by CARDS toxin antigen capture assay and only
10 of 33 positive by PCR (217) A subsequent study that employed a combination of
the CARDS toxin antigen capture assay, PCR using the P1 adhesin and the CARDS toxin
gene as targets, and serology found even higher percentages of M. pneumoniae-
positive children with acute and refractory asthma (64 and 65%, respectively), although
control subjects also exhibited surprisingly high 56% positivity (81). In this study, the
CARDS toxin PCR was significantly more sensitive than the P1 PCR, but overall positive
rates were 2.8% to 6.8% depending on the sampling site, similar to the range observed
in the studies cited above. It remains to be seen whether the potentially ultrasensitive
CARDS toxin antigen capture assay will be validated by other groups and find accepted
use in detecting the presence of M pneumoniae in respiratory samples.

The next question deals with whether the prevalence of M. pneumoniae in patients
with chronic asthma is higher than that in the general population and how a higher
prevalence may relate to the persistence of asthmatic symptoms. The most convincing
study is that by Martin et al. in which they enrolled 55 chronic stable adult asthmatics
and 11 nonasthmatic controls and analyzed upper and airway samples for the presence
of M. pneumoniae by culture and PCR (218). Twenty-three subjects were positive for M.
pneumoniae by PCR (41.8%) and 7 were positive for C. pneumoniae (12.7%), with only
1 and 0 of the controls positive, respectively. No subjects were positive for M. pneu-
moniae antibody. This result indicates a very high prevalence of M. pneumoniae in
chronic asthma, even in the absence of exacerbation, and also suggests that screening
by serology for the presence of the organism in stable adult asthmatics may signifi-
cantly underestimate its prevalence. As noted below, a multicenter study by Sutherland
et al. designed to replicate these findings as well as the response of PCR-positive
patients to macrolide therapy found only 12 of 92 patients positive by PCR in endo-
bronchial biopsy specimens (13%), a number too low to provide sufficient power for the
planned antibiotic treatment trial (219). Bébéar and colleagues found that only 13.6%
of children with chronic asthma were positive for M. pneumoniae by PCR that and an
even lower percentage (6.3%) of adults were (212). However, their samples were
obtained using OP and NP swabs, whereas in the study by Martin et al., about 18% of
the subjects were positive only from lower respiratory samples (218).

A final question is whether treatment with antibiotics affects the severity and
frequency of exacerbations of asthmatics. If a significant proportion of chronic asthma
is related to M. pneumoniae infection, then treatment with an antibiotic to which the
organism is susceptible would be expected to produce improvement in symptoms and
other measures of asthma severity. However, interpretation of any improvement seen
in asthma symptoms in asthma patients following macrolide treatment is complicated
by the fact that macrolides have well-documented anti-inflammatory properties. Kraft
et al. treated their study subjects for 6 weeks with clarithromycin and obtained a
clinically significant improvement in pulmonary functions only in the subgroup of
subjects who were positive for the organism (220). As mentioned above Sutherland et
al. (219) failed to find a statistically significant number of PCR-positive asthmatics
and also failed to demonstrate benefit from macrolide therapy. However, all of their
subjects were treated with inhaled corticosteroids, which may have blunted any
response to the antibiotic. Stockholm et al. found that a 3-day course of azithromycin
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significantly shortened the duration of wheezing episodes in children 1 to 3 years of
age with asthma-like symptoms (221). Bacharier and colleagues reported the results of
an extensive double-blind placebo-controlled trial testing the effects of treatment
with azithromycin on progression to severe lower respiratory tract infection with
wheezing (222). A total of 607 children with a history of wheezing with lower
respiratory tract infections were enrolled. Their results demonstrated a clear pro-
tective benefit of azithromycin in preventing progression to severe lower respira-
tory infection, but treatment did not reduce the chances of a subsequent lower
respiratory tract infection. Respiratory secretions were tested by PCR for the presence
of wide group of respiratory viruses and cultured for various pathogenic bacteria but,
they were not tested for M. pneumoniae or C. pneumoniae. The investigators were
unable to come to a conclusion about the mechanism behind the protective effect of
azithromycin. Clearly, more research is indicated to understand whether antimicrobial
activity of macrolides, anti-inflammatory activity, or a combination is behind the
protective effect of this class of medication in asthma and asthma-like diseases.

Animals, primarily rodents, have been used for decades in experimental studies of
lung inflammation induced by M. pneumoniae and to test therapeutic drugs for efficacy.
During early investigations of primary atypical pneumonia, Eaton et al. inoculated
mice, guinea pigs, Syrian hamsters, and cotton rats and found that lung lesions were
produced more reliably in the latter two types of rodents (223). With the development
of inbred strains, better control of infectious agents in animal facilities, and, particularly,
the increasing availability of transgenic and “knockout” mice, interest in using mice for
infection studies with M. pneumoniae to study pathogenesis increased. In 1998, Wubbel
et al. published a mouse model of M. pneumoniae infection, documenting histopatho-
logical changes in the lung and serological responses following short-term infection
(224). Since that initial publication, numerous further studies in mice have been
published, including long-term infection studies (225, 226) and characterization of the
host immune response using mutant strains of mice (176, 227–229).

Despite obvious differences in anatomy and physiology and significant differences
in immune responses, a number of murine models of asthma have been developed to
study the pathophysiology of allergic airway hyperreactivity because of the same
advantages mentioned above that recommend mice for infection studies (230–232).
Using M. pneumoniae infection in mice, Martin and colleagues demonstrated that
infection alone induces increased airway reactivity at 7, 14, and 21 days following
infection and that the airway hyperreactivity correlates with histological inflammation
(233). A number of subsequent studies have examined the effect of M. pneumoniae
infection on allergic airway inflammation in mice and have documented the impor-
tance of STAT6 and IL-6 (234, 235) and surfactant protein A (SP-A) and SPLUNC1 (236)
in modulating allergic airway inflammation and/or pathogen clearance. The results of
these studies suggest that allergic airway inflammation downregulates the host re-
sponse to M. pneumoniae and provides a plausible explanation for reports of increased
prevalence of M. pneumoniae in chronic asthma as well as a potential role in the
pathogenesis and perpetuation of this inflammatory respiratory disease.

Extrapulmonary Manifestations

M. pneumoniae is well recognized for producing a broad array of extrapulmonary
manifestations that can affect almost every organ in the body. Even though many
different extrapulmonary manifestations of M. pneumoniae infection have been char-
acterized, they are not usually specific enough to confirm the diagnosis. Three different
mechanisms have been put forward by Narita for extrapulmonary complications of M.
pneumoniae infection. The first is a direct effect of the bacteria that are present at the
site of inflammation mediated by cytokine release by the host. The second is an indirect
effect, for example, through the production of autoimmunity or immune complexes.
The third is a direct or indirect effect by the production of vasculitis or thrombosis as
a result of cytokines and chemokines such as TNF-� and IL-8 or by immunomodulation
through mediators such as complement and fibrin D-dimers (237).
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The most noteworthy of extrapulmonary manifestations involve the central nervous
system, and these can be present in about 6% of patients hospitalized with M.
pneumoniae infection. Involvement can occur in the brain, spinal cord, meninges, and
peripheral nerves. The primary brain manifestation is encephalitis, which occurs more
commonly in children than in adults and may not have a respiratory component to the
illness (180, 238–243). M. pneumoniae may be responsible for as many as 13% of
encephalitis cases (244). Early-onset encephalitis is more likely to be PCR positive,
indicating a direct effect of the organism, while late-onset encephalitis is usually PCR
negative and associated with antiganglioside antibodies which may develop as a result
of cross-reactivity with mycoplasmal glycolipids. M. pneumoniae antigen has been
demonstrated in brain tissue by immunohistochemistry and by PCR in diseased areas
of the brain in patients who died with fatal encephalitis, acute disseminated enceph-
alomyelitis, or acute hemorrhagic leukoencephalitis, indicative of the severity that can
occur with this infection (244–246). Stroke, striatal necrosis, and psychological disorders
can occur following M. pneumoniae infection, most likely due to vascular injury (180).
Bilateral striatal necrosis may involve local invasion by the organisms, as evidenced by
positive PCR assays for M. pneumoniae DNA in a patient with this condition (247).
Cerebellar dysfunction may also occur as a result of autoimmunity (180). Guillain-Barré
paralysis is an occasional complication of M. pneumoniae infection involving anti-
galactocerebroside and antiganglioside antibodies, although the organisms have
been isolated directly from cerebrospinal fluid (CSF) in patients with this condition
(248–251). Transverse myelitis may occur as a result of early-onset direct invasion as
well as a late-onset indirect-type mechanism (180). Aseptic meningitis is known to
occur as a result of direct invasion, with accompanying elevation of IL-6 and IL-8.
Peripheral nerve involvement may manifest as neuropathies and radiculopathies, in-
cluding cranial nerve palsies. It is presumed that autoimmunity involving antiganglio-
side antibodies is responsible for neuropathies, but M. pneumoniae DNA has been
reported in CSF from a patient with peripheral neuropathy (252).

A microbiological diagnosis of M. pneumoniae infection in many of the reports
attempting to link such infections to central or peripheral nervous system sequelae is
problematic because diagnosis invariably precipitates the use of intravenous immuno-
globulin therapy, which prevents the determination of accurate convalescent-phase
antibody titers. A recently reported series in children with encephalitis, including one
fatality, exemplifies the problems in identifying M. pneumoniae as the trigger (248). All
7 children reported in the series were positive for IgG and IgM antibody against
M. pneumoniae in serum, and one was positive in CSF. Only 2 were positive for M.
pneumoniae DNA by PCR from throat swabs, and CSF was PCR negative in all cases.
Only 3 of the 7 were reported to have antecedent respiratory symptoms, and both of
the positive PCRs were obtained in this group. Because some neurological manifesta-
tions may occur without prominent respiratory symptoms and can be due to immu-
nological mechanisms rather than direct invasion of the organisms, limiting attempts to
diagnosis the condition to PCR testing of CSF or brain tissue may be insufficient. This
is one instance in which demonstration of seroconversion may be very important for
diagnosis.

Dermatological disorders, which include urticaria, anaphylactoid purpura, erythema
multiforme, and SJS, are among the most common and potentially the most severe
extrapulmonary complications of M. pneumoniae infection. Severe SJS produces tense
bullae distributed over the skin, particularly the distal extremities, groin, and genitalia,
with mucous membrane involvement in the eyes and oropharynx. In a retrospective
review of 7 years of cases at the Mayo Clinic, 6 were described as M. pneumoniae
related. The clinical course of these patients was milder than that in the drug-related
cases. There are at least 2 cases in which the organism has been isolated from blisters,
suggesting that the pathogenic mechanism involves direct infection of the organisms
from bacteremic spread followed by skin damage due to cytokine production (237).
There are also several reports of recurrent M. pneumoniae-associated SJS, and outbreaks
with multiple cases have also been reported. Because of the distinctive appearance and
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distribution of the blisters, it has been proposed that this disorder should be classified
separately from drug-induced SJS (253). In contrast, urticaria, anaphylactoid purpura,
and erythema multiforme associated with M. pneumoniae infections are most likely
mediated through immunological reactions (254).

Another very common extrapulmonary manifestation associated with severe M.
pneumoniae infection is the development of IgM autoantibodies to the I antigen on red
blood cells. These autoantibodies are responsible for the phenomenon of “cold agglu-
tinins.” Autoantibodies to red blood cells may occasionally reach levels sufficient to
trigger a brisk hemolytic anemia (255). This phenomenon may reach life-threatening
proportions if the patient has an underlying hematological disorder such as sickle
cell disease (256). Thrombotic thrombocytopenic purpura has also been described in
association with M. pneumoniae infection (257). Disseminated intravascular coagulation
may also occur in some persons who develop a hypercoagulable state as a conse-
quence of complement activation or procoagulant induction, resulting in severe illness
and sometimes fatal outcomes (254). Other cases of severe thrombocytopenia associ-
ated with M. pneumoniae infection have also been reported and have been considered
to be a subset of immune thrombocytopenic purpura (258). In contrast, some patients
with M. pneumoniae pneumonia may have thrombocytosis (259).

The role of M. pneumoniae in pericarditis, cardiac tamponade, myocarditis, myoperi-
carditis, and endocarditis is small but well documented, and the effects range from mild
or asymptomatic conditions to fatal illness (260). Illness appears to be related to direct
detection of the organism by culture or PCR in the affected cardiac tissue and/or
pericardial fluid in cases of pericarditis and endocarditis, but an autoimmune mecha-
nism may also be operative in myocarditis (254). Many persons with cardiovascular
manifestations do not have concurrent pneumonia (254).

Septic arthritis due to invasion of the joints by M. pneumoniae is a well-known
complication in persons with antibody deficiency, but it may also occur in immuno-
competent persons (254). Arthritis can also occur in association with pneumonia in
immunocompetent persons, in which the mechanism may be of autoimmune origin
(260). Another musculoskeletal manifestation that has been associated with M. pneu-
moniae is acute rhabdomyolysis, which has been reported numerous times, sometimes
in association with neurological as well as other organ system manifestations (261, 262).
It is possible that direct invasion, immunological, and/or vascular occlusive mechanisms
could all be operative in mediating this complication (254).

A variety of nonspecific gastrointestinal symptoms commonly accompany myco-
plasmal respiratory infections, but there are few data to validate a specific explanation
for them. Hepatitis with severe liver dysfunction and pancreatitis has also been re-
ported. Narita suggested that early-onset hepatic dysfunction is likely to be mediated
by direct inflammatory reaction in the liver from disseminated M. pneumoniae infection,
whereas later-onset hepatic dysfunction could be due to autoimmunity, vascular injury,
or drug reactions (254).

Acute glomerulonephritis of various types, nephrotic syndrome, interstitial nephritis,
and IgA nephropathy have occasionally been described in association with M. pneu-
moniae infection, presumably as a result of immune complex formation. However, the
organism has also been detected by PCR from a kidney biopsy specimen of a child with
membranoproliferative glomerulonephritis who also had elevated IgM (263) and by
immunoperoxidase staining of kidney tissue of a patient with acute interstitial cystitis
(264). Renal complications can be of great clinical importance since they can lead to
renal failure (265, 266).

Other nonspecific manifestations can include conjunctivitis, iritis, and uveitis, which
are presumed to have an immunological basis since the organism has not been
detected in ocular tissues (254). Each of the aforementioned organ-specific extrapul-
monary manifestations of M. pneumoniae infections can occur singly, or in some cases,
multiple organ systems can be involved, leading to extremely severe and sometimes
fatal illness. Due to the current understanding that many of the extrapulmonary
complications have an immunological basis, measurement of the host immune re-
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sponse through testing of paired sera for IgM and IgG in addition to PCR should always
be attempted. Culture is rarely positive outside the respiratory tract, but it can be
attempted if specimens are available. Treatment of extrapulmonary manifestations
should include antibiotics, since the possibility of direct organism involvement can
never be entirely excluded and reducing the bacterial load in the respiratory tract can
potentially reduce further stimulation of the host immune system. Moreover, the
anti-inflammatory effects of drugs such as macrolides may be beneficial in suppression
of the immune response.

LABORATORY DETECTION

Detection of M. pneumoniae infections can be achieved using culture, serology, or
molecular-based methods. Their relative advantages and disadvantages are summa-
rized in Table 1. Some reasons that M. pneumoniae detection is not offered by very
many diagnostic laboratories in the United States are that its slow growth and fastid-
ious cultivation requirements make culture impractical, optimum serological testing
requires acute- and convalescent-phase sera collected at least 2 weeks apart, and

TABLE 1 Comparison of methods for detection of M. pneumoniae in clinical specimens

Category Molecular assays Culture Serology

Specimen requirements Specimen suitable for culture can be tested
by molecular methods; organisms do not
have to be viable; specimens can be
frozen in an appropriate transport
system until processed; formalin-fixed
tissue can be tested by PCR

Specimens must not be allowed to dry
out and must be maintained in
appropriate transport media to
preserve viability; refrigeration for
short periods and freezing for
transport are necessary for optimum
detection

No special handling or storage
other than refrigeration of
serum is necessary

Equipment and facilities Laboratories must have suitable facilities
and trained personnel to perform
molecular testing; instruments for real-
time PCR and DNA extraction are
expensive; loop-mediated isothermal
amplification instruments are less costly

No special equipment is necessary
other than incubators, microscopes,
refrigerators and freezers for
cultivation; species identification for
clinical isolates requires additional
procedures such as PCR

Single-test qualitative kits do not
require any instrumentation,
while automated assays may
require spectrophotometers or
fluorescence microscopes

Relative cost Cost of reagents varies, depending on type
of assay; costs and personnel time can
be reduced if specimens can be
processed in batches

Culture media are more expensive to
purchase or prepare than media for
other bacteria due to complex
growth requirements

Costs of kits vary; some are
designed for single use, while
others are in multitest formats

Turnaround time Real-time PCR can provide same-day
results, including DNA extraction and
amplification

Positive specimens may sometimes be
detected in as few as 5 days, but
incubation for up to 6 weeks is
necessary to confirm negative
results

Hands-on time may be as short
as a few minutes for some
qualitative or automated
assays, but paired sera
collected at least 14 days
apart are needed for optimum
performance

Analytical sensitivity Most assays can detect �100 CFU/ml May detect 100–1,000 viable
organisms under optimum
conditions

Serology measures host immune
response and has no direct
measurement of organism
load; some infected patients
never mount a detectable
antibody response

Specificity PCR assays with proper target selection
and validation of amplification conditions
can be very specific with no
cross-reactivity

Culture is 100% specific when positive
in symptomatic persons but requires
another technique such as PCR to
confirm species identity

Specificity varies, depending on
the type of assay; complement
fixation is nonspecific and
cross-reactive; EIAs can also be
nonspecific due to presence of
high levels of background
antibody in many persons if
only a single measurement is
taken

Commercial availability Two products are available in US, several
more in Europe; in-house PCRs are
performed in reference labs

Commercially prepared media are sold
in various countries

Qualitative and quantitative
serology test kits are widely
available commercially in a
variety of formats
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molecular-based tests are expensive and still have limited availability. There is no
FDA-cleared rapid point-of-care test for direct detection of M. pneumoniae. However,
some qualitative serological tests that have a moderate complexity classification under
the Clinical Laboratory Improvement Amendment can be performed in ambulatory care
clinics, with results available in a few minutes. Such tests are rather commonly used,
even though a single measurement of IgM and/or IgM/IgG is not particularly reliable,
especially for adults (4, 267). A final reason for the lack of widespread diagnostic testing
is that many clinicians have not expressed an urgent need to have microbiological
confirmation for patient management purposes, and this opinion is reflected in clinical
practice guidelines for treatment of community-acquired pneumonias that do not
recommend pathogen-specific testing (268, 269).

Specimens for detection of M. pneumoniae respiratory tract infections by culture
or molecular-based methods include NP or OP swabs, tracheal aspirates, lung tissue
obtained by biopsy, pleural fluid, sputum, and BAL fluid. Extrapulmonary specimens
include blood, CSF, pericardial fluid, skin lesions, or tissue from any organ. Several
studies have evaluated various specimen types in order to determine which ones are
most likely to yield a positive result for M. pneumoniae. The emphasis has been on PCR
because culture is rarely used for diagnostic purposes. The general consensus of several
studies is that sputum is the best specimen for M. pneumoniae detection by PCR and
that it is superior to BAL fluid and/or NP or OP specimens (9, 270–272). However, Honda
et al. (273) found a higher rate of detection from OP swabs than from BAL fluid or
sputum. Reznikov et al. (274) found no significant difference in the detection of M.
pneumoniae from NP aspirates versus OP swabs. Xu et al. found NP aspirates to be
superior to BAL fluid (275). Loens et al. reported that numbers of M. pneumoniae in
sputum range from 102 to 107 CFU/ml whereas OP swabs contain 102 to 103 CFU/ml,
providing a plausible explanation for the superiority of sputum as a diagnostic speci-
men (270). From a practical standpoint, OP or NP specimens are the most common
samples obtained for M. pneumoniae detection, since they are readily available and
many patients, especially children, do not produce sufficient sputum for laboratory
testing and are not so seriously ill as to warrant more invasive and expensive sampling
methods. No matter which specimen type is collected, it is important to inoculate
appropriate transport medium at the point of collection to avoid desiccation, preserve
viability for culture, and maintain stability of DNA for molecular detection. Culture
medium such as SP4 broth works well for transporting specimens for both culture and
PCR, but most liquid commercially produced universal transport media are also accept-
able, as long as they do not contain any antibiotics that would be inhibitory. Blood for
PCR testing is collected in a tube containing acid citrate dextrose. For swab specimens,
only Dacron or polyester swabs should be used, as calcium alginate and cotton swabs
can be inhibitory. Refrigeration for short times or freezing at �80°C for longer periods
of storage or transport is necessary for optimum detection by culture or molecular
methods. Serum collected for antibody measurement does not require special handling
other than refrigeration or freezing until processing. Further discussion of specimen
collection, transport, storage, shipment, and culture procedures is provided in refer-
ences 1, 276, and 277).

Culture

Culture is time-consuming and is seldom used to guide treatment of M. pneumoniae
infections in an acute care setting, but it is sometimes used to obtain isolates for
antimicrobial susceptibility testing and/or typing because it provides irrefutable evi-
dence of infection with this organism when positive (100% specificity). Despite reports
that culture is insensitive and of limited clinical utility, when performed in laboratories
with experience, culture can yield a substantial number of positive tests. The UAB
Diagnostic Mycoplasma Laboratory recently compared traditional culture using SP4
broth and agar with real-time PCR with the RepMp1 gene target in 821 OP swabs from
patients with pneumonia and found that PCR detected 49/821 (6%), versus 40/821 (5%)
by culture. It is not uncommon for growth in culture to take 3 to 4 weeks or longer.
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Interestingly, a recent report suggested that inclusion of catalase in the culture medium
can considerably increase the organism’s rate of growth, possibly by destroying auto-
inhibitory hydrogen peroxide (278). However, it remains to be seen if this modification
of established culture media will be validated by others and become widely adopted.

Various biochemical or immunological methods were once used to confirm species
identification of mycoplasmas grown in broth and/or agar from respiratory tract cultures,
since oral commensal mycoplasmas can sometimes cause diagnostic confusion with M.
pneumoniae, but these have been mostly replaced by PCR performed on a subculture
to determine which species is present. The current practice at the UAB Diagnostic
Mycoplasma Laboratory is to report specimens with typical colonies grown on SP4 agar
as either positive for M. pneumoniae or positive for Mycoplasma species but not M.
pneumoniae, depending on PCR results. In some instances, a broth may produce a color
change without growth of colonies. When the positive broth is subjected to PCR and
M. pneumoniae DNA is detected, the culture is still reportable as positive for M.
pneumoniae, confirmed by PCR.

M. pneumoniae culture is often performed in clinical antibiotic treatment trials of
new antimicrobial agents for CABP in order to obtain isolates to be tested in vitro for
antimicrobial susceptibilities and correlate with clinical outcomes. This is now much
easier to accomplish since the publication of a guideline in 2011 by the Clinical and
Laboratory Standards Institute (CLSI) that describes a standardized methodology for
performing in vitro susceptibility tests on M. pneumoniae, Mycoplasma hominis, and
Ureaplasma spp. The document also includes appropriate quality control measures and
MIC interpretive breakpoints for several drugs (279).

Serology
Host immune response. In order to understand the rationale for or against sero-

logical detection of infection, it is necessary to consider the immune response that
occurs following respiratory infection with M. pneumoniae in an immunocompetent
host. Following an initial infection which typically occurs sometime in childhood, the
normal immune system responds by producing antibodies against protein and glyco-
lipid antigens. These include antibodies reactive against the P1 adhesin protein and
CARDS toxin. IgM can usually be detected within about 1 week after onset of clinical
illness, followed by IgG about 2 weeks later. Antibody levels peak after 3 to 6 weeks,
followed by a gradual decline over months to years (1). The presence of an elevated
IgM level has been considered diagnostic of recent infection in children older than 6
months who are not likely to have experienced repeated mycoplasmal infections, but
reinfections over time can lead to a blunting of the IgM response as typically occurs in
adults. Even in young children, IgM can persist for up to several months (280). Use of
serology for diagnosis is further complicated because of the variable length of time
after onset of illness when a patient seeks medical care. Some individuals have a high
background level of IgG such that measuring IgG in a single acute-phase serum
specimen can lead to nonspecific results (281). In addition to specific antibodies against
the pathogen itself, M. pneumoniae infections tend to elicit production of a variety of
autoantibodies as well as mitogenic stimulation of T and B lymphocytes that can also
lead to the autoimmune extrapulmonary complications discussed above. Persons with
impaired antibody production from any cause may not mount any measurable immune
response against M. pneumoniae and are also at greater risk for chronic, disseminated
infection (4).

Shortcomings of commercial antibody assays. Several different test formats to
measure antibody against M. pneumoniae have been developed since the 1980s. Many
different types of antigens have been employed, including whole organisms, glyco-
proteins, proteins such as the CARDS toxin or P1 adhesin, and recombinant antigens,
but there has been little effort to standardize them. There is no consensus on what
constitutes the best test format or antigen type or even on the definition of what value
should be considered a positive test result. Some quantitative enzyme-linked immu-
noassay (EIA) manufacturers provide interpretive guidelines for designation of a posi-
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tive result based on somewhat arbitrary values for IgM or IgG above a certain spec-
trophotometer reading cutoff tested on a single serum sample rather than designating
a specific rise or fall in antibody titer in paired sera. Some assays are FDA cleared for use
in the United States, whereas others are limited to use in other countries or in research
settings. A summary of the four major commercialized M. pneumoniae assay formats
along with some examples of these tests is provided in Table 2. The major types of
commercial serological tests for M. pneumoniae include the microtiter plate EIA, the
membrane EIA, indirect immunofluorescence (IFA), and particle agglutination (PA). In
the United States, the EIA format has proven to be the most widely used and best
studied (1). More details of these test formats and their comparative performances
are available in an earlier review (1). Even though many of these commercial assays
have been evaluated in published studies, for several reasons it is extremely difficult
to accurately assess how well they perform. In some studies, commercial kits were
compared against the less sensitive and less specific complement fixation test as the
reference method, or kits were compared directly with one another and nothing else
with no way to confirm whether or not M. pneumoniae infection was actually present.
Tests were often compared using a single measurement obtained at variable times after
onset of illness, and the definition of what is considered a positive test was not
consistent.

Diagnostic sensitivity for serological diagnosis of acute M. pneumoniae infections
depends on the timing of specimen collection as well as performance characteristics of
the test used. The most accurate diagnostic yield of serological testing for M. pneu-
moniae is obtained when paired sera collected at least 2 weeks apart are tested
simultaneously for both IgM and IgG and a 4-fold rise in titer can be documented (1).

TABLE 2 Commercial serological test formats for M. pneumoniaea

Assay format Antibodies measured Equipment Test description Examples (references)

EIA IgM, IgG (separately) Spectrophotometer/EIA
reader

Microtiter plate format with antigens adsorbed
onto the polystyrene surface; dilutions of
test serum are added to wells and
incubated; antibodies bound to solid-phase
antigen are visualized by using enzyme-
labeled conjugates directed against the
primary antibody and substrate are read in
spectrophotometer; quantified amt of
reactive conjugate is proportional to levels
of antibody present; EIAs require very small
serum volumes (�100 �l), are adaptable to
testing large or small numbers of
specimens, and can be made isotype
specific; various different antigens are used
depending on the manufacturer

ImmunoWELL Mycoplasma IgM and
IgG Antibody (GenBio, San Diego,
CA) (282, 475)

Membrane EIA IgM alone or IgM and
IgG together

None Rapid, qualitative procedures designed for
testing single serum specimens; a
permeable membrane or filter paper is
impregnated with antigen to which serum
is added; this step is followed by addition
of anti-human IgG or IgM enzyme
conjugate; development of color after
enzyme substrate is added constitutes a
positive test

ImmunoCard (Meridian Bioscience, Inc.,
Cincinnati, OH (282, 476–479); M.
pneumoniae IgG/IgM antibody test
(Thermo Fisher, Lenexa, KS) (282,
478–481)

PA IgG, IgM (separately
or together)

None Latex or gelatin carrier particles coated with
antigen are incubated with test serum; if
specific antibodies are present, the particles
agglutinate, resulting in a visible reaction;
PA products provide qualitative results that
can be visualized on a card or quantitative
data read in microtiter plate format

Serodia Myco II (Fujirebio Diagnostics,
Inc., Malvern, PA) (482–485)

IFA IgG or IgM
(separately)

Fluorescence
microscope

Antigen is fixed to glass slides; specific
antibody is detected in dilutions of test
serum after staining with anti-human IgM or
IgG fluorochrome conjugate; IFA provides
quantitative data but interpretation is very
subjective

Mycoplasma antibody test system
(Zeus Scientific, Inc., Branchburg, NJ)
(476)

aAbbreviations: EIA, enzyme-linked immunoassay; PA, particle agglutination; IFA, indirect immunofluorescence.
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This makes serology useful for epidemiological studies but not for patient management
in an ambulatory care setting.

Talkington et al. (282) compared 8 commercial EIAs and found positive IgM in 14 to
45% of samples assayed. Positivity ranged from 39 to 88% when both acute- and
convalescent-phase sera were analyzed. This study confirmed that these test kits had
considerable variation in performance and ability to detect a positive result. These
findings regarding poor performance of acute-phase IgM were confirmed by Miyashita
et al. (192), who observed a 35% sensitivity for acute-phase IgM as measured by the
Meridian ImmunoCard in adults with serologically and/or culture-proven pneumonia
due to M. pneumoniae, and by Ozaki et al. (283), who found a sensitivity of only 32%
for acute-phase IgM, rising to 89% when paired sera were analyzed for seroconversion.
Liu et al. concluded that IgM has the highest sensitivity for detection of acute infection
if it is tested 7 to 10 days after onset of illness (284). IgA can rise early in infection and
return to normal sooner than either IgM or IgG (285, 286). While IgA is attractive as an
alternative to IgM as a marker of acute infection, a study by Narita (287) found no
advantage for testing IgA. Another recent study also demonstrated that a commercial
IgA assay was less sensitive than IgM in hospitalized children and adolescents with
radiologically confirmed pneumonia when paired sera were analyzed (288). Not only
may the variable performance in serological tests noted in several studies may result in
missing persons who are infected, but the nonspecific performance of some assays will
also result in false positives. In addition to poor sensitivity, Miyashita et al. reported that
the ImmunoCard showed positive reactivity in 61 of 200 (30%) healthy adults (192).
Csango and coworkers found substantial numbers of positive IgM and IgA tests using
4 commercial serology kits in 102 healthy blood donors (289). Nir Paz and coworkers
evaluated 8 commercial serology tests in 204 samples obtained from adult blood
donors and children undergoing elective surgery and also found numerous samples
positive for IgM and very poor interassay agreement (281).

Beersma and coworkers (267) published a comprehensive evaluation of 12 serology
tests available in Europe, including EIAs, PAs, and complement fixation, using real-time
PCR as a reference standard, and they also included PCR-negative control samples from
subjects with and without respiratory tract symptoms. They found a wide range of
results, with sensitivities for serological tests ranging from 35% to 77% and specificities
ranging from 49% to 100%, again noting that single measurements in the acute phase
were often negative in PCR-positive subjects. Similar results demonstrating poor spec-
ificity of positive IgM tests in children who were PCR positive for M. pneumoniae were
reported by Chang et al. (290). Busson et al. (291) performed an evaluation of 10
serological assays used in Europe, including only one of the kits included in the study
by Beersma et al. Similar to other studies, these investigators found variation in both
sensitivity and specificity among the kits tested, with cross-reactivity in some instances
with sera from patients with known cytomegalovirus or Epstein-Barr virus infections.
Medjo et al. (292) reported the sensitivity and specificity of a single IgM measurement
as 82% and 100%, respectively, compared to IgG serology and as 80% and 99%,
respectively, compared to real-time PCR. The relatively high sensitivity of IgM serology
in their study was likely due to the fact that sera were taken in the second week after
disease onset, giving antibody time to develop, but this may not reflect what actually
occurs in clinical practice.

Some investigators have indicated that recombinant proteins used as antigens
would improve the specificity of serological assays for detection of M. pneumoniae
(293–295). Dumke et al. (296) developed a line immunoblotting technique using several
recombinant proteins or native purified proteins and determined that use of this
technique to measure serum antibody in patients with and without M. pneumoniae
infection showed high sensitivity and specificity compared to real-time PCR. Thus far,
no products sold commercially in the United States utilize such features or recombinant
proteins.

Until the availability of PCR dramatically changed and improved diagnostic testing
options for M. pneumoniae infection, serology was the primary means for laboratory
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diagnosis, even with its significant limitations. Presently, testing of acute-phase sera for
antibody by qualitative tests continues to be commonly used for convenience purposes
and because there is no other type of rapid test available in the United States, despite
convincing evidence that such practice can be prone to false-negative as well as
false-positive results.

Nonamplified Antigen Detection

The limitations of culture and serology for detection of M. pneumoniae were
apparent by the early 1980s, when there were efforts to develop nonamplified antigen
detection systems and DNA hybridization techniques in various formats, as discussed in
an earlier review (1). The main problem with nonamplified antigen methods of organ-
ism detection in clinical specimens is that some natural infections caused by M.
pneumoniae may produce an organism load that is about the same as the detection
limit of antigen assays (approximately 103 CFU/ml), and thus they suffered from low
analytical and clinical sensitivity. Antigen detection systems were largely abandoned by
the 1990s in favor of nucleic acid amplification test (NAAT) methodology. However,
there are some antigen detection systems still in use in Japan. A new commercial rapid
antigen test based on L7/L12 ribosomal protein components of the 50S ribosome in a
lateral-flow immunochromatographic format, known as Ribotest Mycoplasma (Asahi
Kasei Pharma Co., Tokyo, Japan), has been used for testing OP swabs. Comparative
evaluations of this product against real-time PCR showed that its sensitivity was approxi-
mately 60 to 70% (297, 298). Another product using colloidal gold in an immunochromato-
graphic assay was 100% sensitive and 97.4% specific compared to real-time PCR (299).
Although technology has advanced over the past several years, nonamplified antigen
detection systems are not available in the United States.

Nucleic Acid Amplification

The first descriptions of molecular-based assays for direct detection of M. pneu-
moniae were published in the late 1980s, and since that time these techniques have
become the diagnostic methods of choice for detection of M. pneumoniae. Several
NAATs are now commercialized in both monoplex and multiplex formats. Molecular-
based methods have superior analytical and clinical sensitivity in most instances over
indirect methods of detection such as serology, as reviewed by Waites et al. (300).
Although culture was long considered the gold standard for diagnosis of M. pneu-
moniae infection, the greater analytical sensitivity and shorter turnaround time of
NAATs has led to their consideration as the “new gold standard,” even though many of
these assays have never been validated extensively against culture (83). The first PCR
assay described for M. pneumoniae used the P1 cytadhesin gene as the target (301).
Over the years, other gene targets have been described and various other NAAT
formats have been developed. Other gene targets have included 16S rRNA, the 16S-23S
rRNA spacer, the CARDS toxin gene, the ATPase operon, dnaK, pdhA, tuf, parE, pdhA,
ptsL, and the noncoding repetitive element in repMp1. Assays targeting the P1 gene
have been reported to be more sensitive than those targeted at the 16S rRNA by Ieven
et al. (302), but the reverse result was found in a comparative study by Zhou et al. (303).
A study by Peters et al. (217) showed that the CARDS toxin PCR detected M. pneumoniae
in 10-fold more patients than a PCR using the P1 protein gene as the gene target. The UAB
Diagnostic Mycoplasma Laboratory currently uses an internally validated repMp1 real-time
PCR assay with the Roche LightCycler system for clinical diagnostic purposes because its
presence in multiple copies across the genome has the theoretical advantage of
improving sensitivity for detection (300, 304). PCR platforms commonly used for
detection of M. pneumoniae DNA in clinical specimens include the ABI Prism 7900HT
(Applied Biosystems, Carlsbad, CA), the iCycler iQ (Bio-Rad, Hercules, CA), and the
LightCycler systems (Roche Diagnostics, Indianapolis, IN). Detection formats include
agarose gel electrophoresis, SYBR green, TaqMan probes, hybridization probes, molec-
ular beacons, scorpion probes, resequencing microarrays, capillary electrophoresis, and
microchip electrophoresis (300). Conventional PCRs for M. pneumoniae have been
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mostly replaced by real-time PCRs since the latter have several advantages, including
quick turnaround times, various detection formats, lower likelihood of contamination,
greater sensitivity and specificity, and ability to provide quantitative data, detect antimi-
crobial resistance genes, and analyze genetic relatedness of the organisms. Improved
specificity is mainly due to the use of a third oligonucleotide probe that binds to the
target sequence, thereby minimizing cross-reactivity and detection of undesired am-
plicons (300). A significant advantage of NAATs over serology is that only one specimen
is needed, and the test may be positive much earlier in the course of infection. In
addition to PCR, other NAAT formats include loop-mediated isothermal amplification
(LAMP), nucleic acid sequence-based amplification (NASBA), and strand displacement
assays (SDA). Several recent comprehensive reviews of PCR-based diagnostics for M.
pneumoniae have been published, and readers are referred to them for more-detailed
information on this topic (6, 83, 295, 300, 305).

Commercial nucleic acid-based diagnostic methods. Despite the recent profusion
of molecular-based assays in Europe and the widely acknowledged need for such
testing, development of this technology has progressed much more slowly in the
United States. Table 3 provides examples of commercial nucleic acid amplification
assays sold in various countries, including the assays available in the United States. The

TABLE 3 Examples of commercial nucleic acid amplification tests for detection of M. pneumoniaea

Product Technique, detection Pathogen(s) detected Manufacturer Reference(s)

Loopamp Mycoplasma pneumoniae
DNA amplification kit

LAMP,c turbidity M. pneumoniae Eiken Chemical, Tokyo, Japan 310, 313,
314

illumigene Mycoplasmab LAMP, turbidity M. pneumoniae Meridian BioScience, Inc.,
Cincinnati, OH, USA

307

FilmArray RPb Multiplex PCR,
microarray

B. pertussis, M. pneumoniae,
C. pneumoniae, several
respiratory viruses

bioMérieux/Biofire Diagnostics,
Inc., Salt Lake City, UT, USA

315, 486

Chlamylege Multiplex PCR,
hybridization

M. pneumoniae, C. pneumoniae,
Legionella spp.

Argene, Inc. Shirley, NY, USA 319

ArgeneChla/Myco pneumo assay Multiplex PCR, real time M. pneumoniae, C. pneumoniae bioMérieux/Argene Marcy
l’Etoile, France

320

Mycoplasma/Chlamydophila
pneumoniae real-time PCR kit

Duplex PCR, real time M. pneumoniae, C. pneumoniae Diagenode, Liege, Belgium 317, 321

Simplex M. pneumoniae Monoplex PCR, real
time

M. pneumoniae Focus Diagnostics, Cypress, CA,
USA

317

Venor MP Monoplex PCR, agarose
gel and real time

M. pneumoniae Minerva BioLabs, Berlin,
Germany

317, 318,
330

Mycoplasma pn. Q-PCR Alert Monoplex PCR, real
time

M. pneumoniae Nanogen Advanced Diagnostics,
Buttigliera Alta, Italy

317, 330

Genaco Resplex I Multiplex PCR, real time M. pneumoniae, C. pneumoniae,
L. pneumophila, H. influenzae,
N. meningitidis

Qiagen, Venlo, the Netherlands 330

RespiFinder 19 Multiplex PCR, capillary
electrophoresis

M. pneumoniae, C. pneumoniae,
L. pneumophila, B. pertussis,
several viruses

Patho Finder, Maastrict, the
Netherlands

330

RespiFinder SMART 22 Multiplex PCR, real time M. pneumoniae, C. pneumoniae,
L. pneumophila, B. pertussis,
several viruses

Patho Finder, Maastrict, the
Netherlands

320

Seeplex PneumoBacter ACE Multiplex PCR, capillary
electrophoresis

S. pneumoniae, H. influenzae,
C. pneumoniae, M. pneumoniae,
L. pneumophila, B. pertussis

Seegene, Seoul, South Korea 320

GeneProof M. pneumoniae Monoplex PCR, real
time

M. pneumoniae GeneProof, Brno, Czech
Republic

321

BactoReal Mycoplasma pneumoniae Monoplex PCR, real
time

M. pneumoniae Ingenetix GmbH, Vienna, Austria 321

M. pneumoniae LightMix kit Monoplex PCR, real
time

M. pneumoniae TIB MolBiol, GmbH, Berlin,
Germany

321

BD Probe Tec ET Strand displacement,
fluorescence

M. pneumoniae BD Diagnostics, Sparks, MD,
USA

330

NucliSENS Easy Q Multiplex NASBAd M. pneumoniae, C. pneumoniae bioMérieux, Marcy l’Etoile,
France

332, 333

aExamples are limited to commercial assays available in various countries for which publications in international journals were available. Some products evaluated in
previous years may no longer be available or may now be sold by different companies.

bFDA cleared and available in the United States.
cLAMP, loop-mediated isothermal amplification.
dNASBA, nucleic acid sequence based amplification.
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table is limited to NAATs that have been included in published research studies. Much
emphasis has been placed on multiplex tests, even though development of a
sensitive and specific multiplex assay is more challenging because the numerous
primer pairs can potentially lead to nonspecific amplifications and formation of
primer-dimers, particularly if optimum PCR conditions and reagents differ among them
(83). As of 2016, there are only two NAATs cleared by FDA for detection of M.
pneumoniae in clinical specimens in the United States. These are the LAMP assay
marketed as illumigene Mycoplasma Direct and the FilmArray respiratory panel.

LAMP is a relatively new nucleic acid amplification alternative for direct detection of
a variety of microorganisms in clinical specimens that is simpler and less expensive than
PCR, making it suitable for laboratories that do not have facilities or experienced
personnel for complex molecular-based testing. LAMP technology, first described in
2000 by Notomi et al. (306), utilizes oligonucleotide primers and a strand displacement
DNA polymerase to amplify target DNA at a constant temperature. As target DNA is
amplified in large amounts, pyrophosphate ions are produced as a by-product that
combines with Mg2�, yielding a precipitate in the reaction mixture that causes an
increased turbidity which is detected as a change in absorbance. LAMP has been
evaluated in several studies in various formats for detection of M. pneumoniae in OP
swabs, including comparisons with serology, conventional, and real-time PCR, in Japan,
China, and the United States (307–314), with generally favorable results in terms of
diagnostic sensitivity. LAMP technology is now recommended as a first-line diagnostic
method for detecting acute M. pneumoniae infections in Japan (310).

The illumigene Mycoplasma detects M. pneumoniae as a single analyte under
isothermal conditions from OP swabs, providing qualitative results in less than 1 h using
primers directed against a 208-bp sequence of the M. pneumoniae genome found in the
intracellular protease-like protein gene. Ratliff and coworkers (307) used the illumigene
Mycoplasma to correctly identify 36 M. pneumoniae reference strains and clinical
isolates with a detection limit of 2,350 CFU/ml and no cross-reactivity. They also
evaluated 214 archived respiratory specimens previously cultured for M. pneumoniae
and reported a sensitivity of 100%, detecting 22/22 that were culture positive. Speci-
ficity was 190/192 (99%) when bidirectional sequencing of PCR products was used to
resolve discrepancies. Although the illumigene is approved for detection of M. pneu-
moniae from OP swabs, other respiratory specimens, including NP swabs, sputum,
and BAL fluid, were included in this study. The illumigene incubator/reader can
process up to 10 specimens at the same time. There is now a newer version, the
Meridian illumigene Direct, that further simplifies the procedure, eliminating a DNA
extraction step in favor of heating samples at 95°C for 10 min.

Investigators at the CDC developed a LAMP assay using the CARDS toxin gene
as the target and determined that their assay had a detection limit of approximately
11 genome copies/reaction (311). In an attempt to produce a diagnostic test that could
be used in a point-of-care setting, they tested NP and OP swab specimens with a prior
DNA extraction or with only a heating step and used calcein to facilitate visual readout
of results. LAMP detected 200/226 (89%) PCR-positive specimens using a validated
assay targeting the same gene as the LAMP assay when there was prior DNA extraction.
Use of LAMP directly without DNA extraction detected 32/39 (82%) PCR-positive
specimens, with results available in approximately 70 min (311). As currently formu-
lated, the LAMP reaction is potentially more specific than PCR due to the requirement
for 4 primers having to recognize 6 sites on the target sequence. However, this
requirement also means that LAMP assays require strict attention to optimization and
validation procedures in order to avoid false-positive results (311). Unlike adaptations
of real-time PCR, LAMP currently has no way to test specimens directly for macrolide
resistance genes in M. pneumoniae. This LAMP assay has not been developed for use
outside the CDC.

The FilmArray respiratory panel is a multiplexed automated PCR that integrates
specimen processing, nucleic acid amplification, and detection into a single pouch.
The assay includes DNA extraction, an initial reverse transcription, and multiplex PCR
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followed by reactions for detection of 17 respiratory viruses and 3 bacteria in NP swab
specimens. Bacterial species in the assay are Bordetella pertussis, C. pneumoniae, and
M. pneumoniae. The assay requires less than 5 min of hand-on time, and results are
available in about 1 h (315). Its primary use and published evaluations have focused on
detection of respiratory viruses. One study reported that the FilmArray respiratory panel
correctly detected 9/9 M. pneumoniae isolates in archived PCR-positive specimens (315).
Additional studies must be performed with this product to understand fully how well
it works in a clinical setting for organisms other than viruses. Relative disadvantages of
the FilmArray respiratory panel in comparison to the single-analyte illumigene Myco-
plasma Direct are that the FilmArray instrument can handle only a single specimen at
a time and the test has a much higher cost, considering that there are 20 pathogens
included. However, if pathogens other than M. pneumoniae are of interest, the multi-
plex test is more cost-effective than if they had to be sought on an individual basis.

The CDC has utilized a commercial TaqMan Array Card (Thermo Fisher Scientific,
Waltham, MA) that includes M. pneumoniae among several other pathogens for inves-
tigation of outbreaks of respiratory infections in the United States (305). They have also
described a single-tube multiplex real-time PCR assay using 4 distinct hydrolysis probes
that detect M. pneumoniae, C. pneumoniae, and Legionella spp. (316). The gene target
for M. pneumoniae is MPN181, which encodes which encodes 50S ribosomal protein
L18. This assay demonstrated sensitivity comparable to that of monoplex PCR using the
same target.

Numerous monoplex and multiplex NAATs have been used in Europe for several
years. Some of them have undergone comparative testing against one another and/or
against other noncommercial NAATs. Several are CE certified. The most useful data
come from studies that included comparisons of NAATs with serology and/or culture.
It is not feasible to describe all of these NAATs, but it is pertinent to mention several
that have been the subject of publications.

Touati et al. (317) evaluated five commercial PCR assays for detection of M. pneu-
moniae in respiratory tract specimens in comparison to an in-house real-time PCR assay.
Kits from Nanogen Advanced Diagnostics, Focus Diagnostics, Diagenode SA, Cepheid,
and Minerva Biolabs were included in the evaluation. All kits provided prompt and
specific results, validated by the use of an internal control. Dumke and Jacobs (318)
reported that the Venor Mp-QP and the artus LC PCR (Qiagen, research use only) were
able to detect M. pneumoniae DNA at a concentration comparable to 1 CFU/�l when
testing dilutions of type strains, as well as DNA extracted from respiratory tract
specimens. They were also able to detect the different M. pneumoniae subtypes. The
Chlamylege multiplex PCR assay used in conjunction with microplate hybridization
with specific probes to detect M. pneumoniae, C. pneumoniae, and Legionella spp.
was evaluated in 154 clinical specimens from patients with respiratory infections that
included 9 patients with M. pneumoniae and in another evaluation of 220 endotracheal
aspirates from children, among which there were 6 specimens positive for M. pneu-
moniae (319). Results were compared to detection by serology and/or in-house PCR
assays. Chlamylege correctly identified all M. pneumoniae-positive and -negative spec-
imens as well as two additional samples positive for M. pneumoniae in the second
group. Pillet and coworkers (320) evaluated the technical performances of several
commercial multiplex PCR kits sold in Europe for the diagnosis of respiratory infection.
They compared the results against the ArgeneChla/Myco pneumo assay and found
sensitivity and specificity of 70% and 100% for RespiFinder and 80 and 99% for Seeplex,
respectively. Dumke and Jacobs (321) evaluated four commercial real-time PCR assays,
the Diagenode M. pneumoniae/C. pneumoniae real-time PCR, GeneProof M. pneu-
moniae, Ingenetix BactoReal Mycoplasma pneumoniae, and LightMix kit M. pneumoniae
assays. They compared the results to those of an in-house procedure using repMp1 as
the target, testing respiratory specimens from adults and children with symptoms of
pneumonia, and found sensitivities ranging from 95 to 100%, with the Diagenode test
detecting all 37 specimens that were positive by the RepMp1 assay. All kits were able
to detect at least 20 CFU/5 ml (52 fg DNA/5 ml) of sample.
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NASBA is based on detection of RNA through a complex process in which double-
stranded DNA is generated from RNA through reverse transcriptase, RNA polymerase
(RNAP), and RNase H under isothermal conditions (305). This assay has been developed
in both conventional and real-time formats and in monoplex and multiplex formats
using 16S rRNA as the gene target. NASBA has been used commercially in Europe under
the trade name NucliSENS for several years (322–324). NASBA can provide rapid results
with sensitivity comparable to that of PCR at a detection threshold of 5 to 50 CFU. As
expected, multiplex NASBA used to detect C. pneumoniae and Legionella species in
addition to M. pneumoniae has somewhat lower sensitivity than monoplex NASBA
(325). Even though NASBA is a plausible alternative to real-time PCR, thus far this
method has not become widely used in diagnostic laboratories, although its lower cost
and minimal equipment requirements make it a potential contender for development
as a point-of-care test (305). Other techniques, including line blot assays and strand
displacement assays, have been used alone and in combination with multiplex PCRs to
detect M. pneumoniae and other respiratory pathogens (300, 319, 326–329). Some of
these techniques, such as strand displacement, have been developed commercially in
Europe (e.g., BD Probe Tec E) (330).

No matter which PCR format or platform is used, the type of specimen collection
method, transport media and storage conditions, and method and efficiency of DNA
extraction can affect whether the PCR assay itself will be able to confirm the presence
or absence of M. pneumoniae DNA. Some of the commercial NAATs, such as the
illumigene Mycoplasma Direct and the FilmArray, do not require a separate DNA
extraction step, as it is included in the overall assay procedure. Some laboratories
may choose to use nonautomated methods such as lysis and proteinase K treat-
ment for specimens such as body fluids other than blood and swabs in transport
media. Potentially inhibitory specimens such as blood, tissue, lower respiratory tract
secretions, and subcultures can be purified using the Qiagen DNA blood minikit
(Qiagen) (300). For laboratories with a large specimen volume on which PCR testing
needs to be done, consideration should be given to purchasing an automated or
semiautomated DNA extraction system. There are now several alternatives available
that utilize different technologies. The EasyMag extractor (bioMérieux) enabled superior
amplification results when applied retrospectively to clinical specimens and compared
to the Qiagen blood minikit and the NucliSENS miniMAG systems (331, 332). The
NucliSENS EasyMag is an automated version of the NucliSENS miniMAG platform (325).
Bésséde et al. (333) retrospectively tested respiratory specimens that were positive or
negative for M. pneumoniae by real-time PCR. They extracted DNA using the NucliSENS
EasyMag and then amplified the extracts by real-time NASBA using the NucliSENS
EasyQ analyzer. The performance of the two systems was compared to results of PCR
and MagNA Pure (Roche Diagnostics, Indianapolis, IN). They found the NucliSENS
EasyMag/EasyQ combination to be equivalent to the MagNA Pure/in-house PCR system
for M. pneumoniae. An evaluation of the MagNA Pure LC automated instrument
(Roche Diagnostics, Indianapolis, IN), the InviMag Bacteria DNA minikit (Invitek, Berlin,
Germany) using the KingFisher ml automated instrument (Thermo Scientific, Rochester,
NY), the QIAamp DNA blood minikit (Qiagen, Valencia, CA), and the Invitrogen
ChargeSwitch gDNA Mini Bacteria kit (Invitrogen, Carlsbad, CA) was performed at the
CDC (334). They inoculated OP swabs obtained from 10 prescreened patients with serial
dilutions of M. pneumoniae strain M129aq and tested 5 replicate swabs from each
specimen. Real-time PCR was performed on the extracted specimens using the CARDS
toxin gene target. They found that the two automated methods produced the lowest
threshold cycle (CT) values, and the lowest limit of detection was with the KingFisher
method. The authors suggested that the automated methods offer the advantage of
robotic precision to decrease human error and variability, resulting in superior DNA
extraction performance and thereby justifying the significant cost for instrumenta-
tion.

Careful attention to quality control procedures for PCR is mandatory to limit false-
positive and false-negative results. False-positive results from contamination can be a major
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problem for conventional PCR but are less common with real-time PCR. Reasons for
false-negative results can include the presence of PCR inhibitors in the specimen, subop-
timal reagent preparation and reaction conditions, and inefficient extraction of target DNA.
Inhibitory factors and suboptimal PCR conditions can be detected by adding a positive-
control DNA after purification. However, this external control strategy cannot reveal
inefficient DNA extraction. Use of an internal control added directly to the crude sample
and processed for purification and amplification is the most accurate method to
monitor the important steps of diagnostic PCR protocols (300).

Multicenter comparisons of various NAATs for M. pneumoniae detection (335, 336)
reported significant variations in test performance among participating laboratories in
Europe. Another interlaboratory comparison organized by Quality Control for Molecular
Diagnostics (QCMD) (www.qcmd.org) (330) for C. pneumoniae and M. pneumoniae
included several samples in BAL fluid or transport medium that were positive for
one or the other organism in various concentrations or negative for both. Data from
participating laboratories included testing by 5 conventional commercial PCRs, 10
conventional in-house PCRs, 4 real-time commercial PCRs, 46 real-time in-house PCRs,
and 2 strand displacement amplification assays. Commercial PCRs included in the
evaluation were the Minerva Biolabs Venor Mp PCR, Qiagen Genaco Resplex I, Seegene
Seeplex PneumoBacter detection kit, Nanogen Mycoplasma pn Q-PCR Alert kit, and
Qiagen artus M. pneumoniae PCR kit. Overall, the results showed that real-time com-
mercial assays performed better than in-house assays, with all commercial assays
correctly detecting all samples positive for 50 to 5,000 color-changing units (CCU)/ml of
M. pneumoniae. Great variation was seen in assay performance at the lower concen-
trations. In addition to the QCMD program, an international standard for use with
NAATs for detection of M. pneumoniae has been developed by the World Health
Organization (337). Results of comparative studies clearly demonstrate the need for
external proficiency testing to document accuracy of molecular testing for M. pneu-
moniae and the need for improvement of analytical sensitivity for some assays, as well
as standardization of sample preparation, including DNA extraction, to achieve opti-
mum results. Proficiency testing panels for NAATs for various pathogens, including M.
pneumoniae, are also available through the College of American Pathology (CAP)
(www.cap.org). The CAP does not provide any type of proficiency testing for detection
of M. pneumoniae by culture, but the UAB Diagnostic Mycoplasma Laboratory has
exchanged specimens with other laboratories at periodic intervals as a means for
alternative proficiency testing. CAP provides a proficiency test for serological testing
that includes IgM, IgG, and total antibodies against M. pneumoniae. Since molecular
testing for M. pneumoniae is much less widespread in the United States than in Europe
and there are many fewer assays available, there are no published interlaboratory
evaluations or performance reports for proficiency tests from the United States.

Recommended Diagnostic Approach

Comparison of various NAATs, mainly PCR assays, with culture has yielded varied
results. In view of the enhanced analytical sensitivity of the PCR assay over culture, a
positive PCR result together with negative culture can be easily explained. However, in
a situation of a negative PCR assay with a positive culture, the presence of inhibitors or
some other technical problem with the PCR assay must be considered. PCR inhibition
may be more likely to occur with NP aspirates than with OP swabs. Sometimes dilution
of samples overcomes inhibition of PCR, but this is at the cost of diminished sensitivity
because the DNA is diluted along with any inhibitors. Thus, the type of sample and its
preparation can influence the ability to detect mycoplasma infection using a PCR assay.

It is not surprising that PCR results may not always correspond with serological
results. For example, elderly adults with pneumonia might have age-related impair-
ment in immunity, resulting in low antibody responses after M. pneumoniae infection.
The same situation may occur with very young infants. A positive PCR test together
with a negative serological test could also mean that the specimen was collected too
soon in the course of the illness to allow sufficient time for antibody to develop. PCR
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results may also become negative within days following antibiotic treatment, whereas
serological results should remain positive for a longer time. It is not known with certainty
whether there is a specific threshold quantity of M. pneumoniae in respiratory tract tissues
that can differentiate colonization versus infection. Therefore, relying solely on a positive
result by PCR may overestimate the clinical importance of M. pneumoniae as a patho-
gen if the population sampled has a high carriage rate, which sometimes occurs in
children, or at a time when there is an epidemic ongoing in a given community with
elevated exposure rates, and because of the propensity of this organism to cocirculate
with other bacterial and viral pathogens.

A study performed in China analyzed data from children hospitalized with respira-
tory infections for M. pneumoniae using a commercial PA test for IgM and a quantitative
real-time PCR (191) Concordance for the two methods for detection of M. pneumoniae
infection was 90%, but 173 (7%) of children with a positive PCR result had no
serological evidence of infection and only 72 (3%) IgM-positive children were PCR
negative. Children who were PCR positive and IgM negative were primarily under 1 year
of age, consistent with knowledge that infants may be unable to mount a vigorous
humoral immune response to M. pneumoniae. Numerous other studies have compared
real-time PCR with serology in adults and children, as reviewed by Ieven and Loens (83,
295). We agree with their conclusions that no single test will reliably detect all
infections and that the most sensitive approach for early diagnosis of M. pneumoniae
infection is a combination of IgM serology and real-time PCR, especially in children. This
approach may be less optimal in adults. The additional expense of performing two tests
has to be considered, along with very limited availability of NAATs in the United States.

Other New Diagnostic Methods
MALDI-TOF MS. Matrix-assisted laser desorption ionization–time of flight mass

spectrometry (MALDI-TOF MS) has become widespread as a rapid and accurate means
for identification of Gram-positive and Gram-negative bacteria in clinical laboratories in
many countries. This technique analyzes whole bacterial cells instead of nucleic acid.
Although the initial cost for instrumentation is significant, the actual cost per test is
negligible, and organism identification can be achieved within minutes.

Once an isolated colony is available from culture, a pulsed laser irradiates the
sample, triggering ablation and desorption of the sample and matrix, which is then
ionized and accelerated into a mass spectrometer to generate a unique spectrum that
is compared with known spectra from a library of organisms. Pereyre and colleagues
(338) used the Bruker Biotyper MALDI-TOF MS (Bruker Daltronics, Bremen, Germany) to
generate spectra from reference strains of several human and animal Mycoplasma
species and then applied this method to identify a collection of clinical isolates that had
been characterized previously by phenotypic, antigenic, or molecular methods. MALDI-
TOF MS correctly identified 96% of all isolates tested, which included 50 M. pneumoniae
isolates, all of which were correctly identified and distinguished from M. genitalium and
Mycoplasma amphoriforme. Moreover, all 50 isolates were correctly clustered into 2
groups, corresponding to the P1 subtypes. Xiao et al. then coupled this technology with
ClinProTools software, and 7 biomarker peaks were selected to correctly identify the
two subtypes from 38 M. pneumoniae isolates that had been positively identified by
real-time PCR and classified as P1 subtype 1 or 2 by full-length sequencing of the P1
(MPN141) gene, and they found 100% sensitivity and specificity (339). MALDI-TOF MS
is a viable means for rapid identification and subtyping of M. pneumoniae at low cost
and high throughput, once it has been grown in culture, provided that a costly mass
spectrometer is available. However, the time-consuming and insensitive nature of the
prerequisite culture in order to perform MALDI-TOF MS potentially limits its usefulness
for M. pneumoniae.

NA-SERS. A new and unique investigational technique for detection and typing of
microbial pathogens is silver nanorod array-surface enhanced Raman spectroscopy
(NA-SERS). The Raman signal enhancement permits the acquisition of unique SERS
spectra within seconds without the need for sample amplification by growth or PCR

Mycoplasma pneumoniae Infections Clinical Microbiology Reviews

July 2017 Volume 30 Issue 3 cmr.asm.org 777

http://cmr.asm.org


(340). Hennigan and coworkers applied this technology for detection and character-
ization of M. pneumoniae in OP swabs and simulated specimens (341). NA-SERS was
able to distinguish strains M129, FH, and 11-3, which was derived from M129 with a
nucleotide deletion resulting in loss of P1 adhesin and a reduced level of P65. NA-SERS
also classified spectra for 10 specimens as positive or negative for M. pneumoniae with
�97% accuracy at concentrations as low as 82 CFU per sample. Their further studies
(342) demonstrated that NA-SERS provided a multivariate detection limit that was
similar to that of quantitative PCR. A partial least-squares discriminatory analysis
(PLS-DA) of the spectra correctly classified the two main subtypes of M. pneumoniae
and the variants in 32 strains (343). Another evaluation of Raman spectra included 102
clinical isolates along with strains M-129 and FH to represent P1 subtypes 1 and 2,
respectively (344). These researchers identified two major Raman clusters which to-
gether included 81% of the strains, but they did not correlate completely with P1
subtypes as determined previously by sequencing of the P1 gene (345). The different
P1 subtypes were similarly distributed, and approximately 76% of the isolates were of
subtype 1, approximately 20% of subtype 2, and approximately 5% of variant 2a. Only
two of the strains (2%) could not be typed correctly. They also identified, for the first
time, the presence of carotenoids in the Raman spectra of M. pneumoniae. Whether
these new detection and strain typing methods will prove useful in epidemiological
studies and characterization of virulence will require further prospective clinical studies.
The major advantage of NA-SERS is its ability to detect and type M. pneumoniae in a
single test. This nondestructive technique can be considered the next-generation
method for mycoplasma detection and strain characterization.

NEW DEVELOPMENTS IN ANTIMICROBIAL CHEMOTHERAPY

Owing to the lack of a cell wall, M. pneumoniae is inherently resistant to beta-
lactams, glycopeptides, and fosfomycin antimicrobials. Moreover, other drug classes,
such as sulfonamides, trimethoprim, polymyxins, rifampin, nalidixic acid, and some
oxazolidinones such as linezolid, are also inactive, leaving relatively few therapeutic
alternatives for this organism. Historically, the main drug classes with efficacy against M.
pneumoniae have included agents that act on the bacterial ribosome to inhibit protein
synthesis, such as macrolides, ketolides, streptogramins, and tetracyclines, and agents
that inhibit DNA replication, such as the fluoroquinolones (346). Macrolides and ke-
tolides are the most potent agents against M. pneumoniae, with MICs that are typically
�0.001 �g/ml (347). Azithromycin and clarithromycin have been used throughout the
world to treat community-acquired bacterial respiratory infections because of their
improved tolerability over erythromycin and, in the case of azithromycin, a much longer
half-life that enables a 5-day course of treatment. Both doxycycline and tetracycline are
uniformly active against M. pneumoniae in vitro, with doxycycline being the more
potent drug with MICs usually �0.25 �g/ml (347). Tetracyclines should be considered
if central nervous system involvement is suspected. Fluoroquinolone MICs are some-
what higher than those of macrolides, usually in the range of 0.06 to 0.125 �g/ml for
agents such as moxifloxacin, but still well within the range to be considered susceptible
(279). Fluoroquinolones have the advantage of being bactericidal, which can be
important in eradication of infections in hosts with an impaired immune system
and/or in unusual cases of systemic infection outside the respiratory tract (346). For
many years, macrolides were the empirical treatments of choice for M. pneumoniae
infections, particularly in children, for whom tetracyclines and fluoroquinolones were
avoided because of potential toxicities, and little attention was given to the need for in
vitro susceptibility testing to guide chemotherapy. Although resistance to tetracyclines
and fluoroquinolones has never been documented to occur in M. pneumoniae under
natural conditions, the situation has changed with regard to macrolides. This section
will focus on the epidemiology, detection, and management of macrolide-resistant
infections, as treatment of macrolide-susceptible M. pneumoniae infections has been
discussed in detail in a previous review (1).
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Macrolide Resistance

Macrolides and ketolides are primarily bacteriostatic agents that bind to specific
nucleotides in domains II and/or V of 23S rRNA in the 50S bacterial ribosomal subunit,
blocking protein synthesis by causing premature dissociation of peptidyl-tRNA from the
ribosome (347). In vitro selection studies have demonstrated that point mutations in the
peptidyl transferase loop of 23S rRNA as well as insertions or deletions in ribosomal
proteins L4 and L22 can result in macrolide resistance in M. pneumoniae (348, 349).
Reports from Japan and Israel showed that macrolide resistance can be documented
after several days of exposure to erythromycin in vivo (350, 351). Naturally occurring
macrolide resistance in M. pneumoniae is due to mutations in various positions in 23S
rRNA (352). These have included C2611G, A2058G/C/T, and A2059G/C (Escherichia coli
numbering system), corresponding to positions 2617, 2063, and 2064 in the M. pneu-
moniae numbering system. The transition mutation A2063G is the most common one
reported. As the 23S rRNA gene is present in only one copy in the M. pneumoniae
genome, a single mutational event can change the macrolide susceptibility phenotype
from extremely susceptible to highly resistant, with concomitant resistance to strep-
togramin B, lincosamides, and ketolides (352). Whereas a mutation at position 2617
tends to produce lower levels of resistance, those at positions 2063 and 2064 lead to
high-level macrolide resistance, with azithromycin MICs often exceeding 64 �g/ml
(346). Because mycoplasmas have high mutation rates, such mutational events can
rapidly accumulate in a population where selection is taking place.

Geographical data. The first reports of widespread macrolide-resistant M. pneumoniae
(MRMP) appeared in Japan in the early 2000s, with subsequent spread through Asia and
eventually to Europe and North America (346, 353). Prior to that time, surveillance studies
from Japan (354, 355) and France (35) had shown no resistance or very minimal numbers
of resistant isolates. Local outbreaks of MRMP have been reported (47, 356, 357), and
numerous clinical studies of macrolide resistance from several countries worldwide have
now been published, as summarized in Table 4. Over 90% of M. pneumoniae isolates are
now resistant to macrolides in some regions of Japan and China. In Europe, prevalence
is substantially lower than in Asia and varies from country to country, with recent
reports ranging from very low levels of 1% in Slovenia (358) and 1.6% in Denmark (15)
to 3.6% in Germany (359), 9.8% in France (360), 19% in the United Kingdom (23), 26%
in Italy (361), and 30% in Israel (362). Interestingly, an evaluation of 114 M. pneumoniae-
positive specimens collected between 1997 and 2008 and tested by a pyrosequencing
assay in the Netherlands found no macrolide resistance (363). Various case reports
indicate that macrolide resistance also occurs in other European countries, including
Finland, Belgium, and Spain, even though no surveillance studies have been reported
from these countries (364–366). In the United States, MRMP has been described as
individual case reports, clusters of infections, including spread within families (47, 68,
367, 368), and one national surveillance study (62). Yamada et al. tested 49 M.
pneumoniae-positive specimens collected from children in Missouri between 2007 and
2010 and found that 8.2% were macrolide resistant and contained the A2063G muta-
tion (369). The CDC recently published results from 199 specimens obtained from case
patients, small clusters, and outbreaks that occurred during 2006 to 2013, with an
overall 10% rate of MRMP (47). They also performed macrolide resistance testing on M.
pneumoniae isolates from children and adults hospitalized between January 2010 and
June 2012. Among 202 PCR-positive specimens, 3.5% (7/202) were identified as mac-
rolide resistant. Zheng et al. (62) reported that the prevalence of MRMP from several
regions in the United States between 2012 and 2014 was 13.2%, similar to a study from
Ontario, Canada, that reported macrolide resistance in 12.1% of adults and children
between 2010 and 2011 (370).

Epidemiology and spread. In vitro exposure of M. pneumoniae to subinhibitory
concentrations of azithromycin leads to the same mutations that occur in naturally
occurring resistant organisms (346), suggesting that widespread macrolide usage has
led to the global spread of macrolide resistance. Further evidence for this relationship
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TABLE 4 Worldwide studies of macrolide-resistant M. pneumoniae infections

Country Yr Patient population Resistance rate (%) Comment(s)a Reference

Japan 1985–1999 Not specified 0/381 This study demonstrated emergence of MRMP in
Japan in 2000

355
2000–2006 Not specified 15/85 (17.6)
2002–2004 Children 12/195 (6) MRMP could be grouped into subtypes 1 and 2b 487
2002–2006 Children 30/94 (31.9) Efficacy of macrolide therapy as assessed by

duration of fever and cough was 22.7% for MRMP
isolates and 91.5% for susceptible ones

383

2002–2006 Children 50/380 (13) MRMP rate increased from 0% in 2002 to 30.6% in
2006

(391)

2005–2009 Adults 2/32 (6) A clear difference in MRMP rates between adult and
pediatric patients was noted

(392)
Children 18/27 (67)

1983–1998 Not specified 0/296 Investigators concluded that macrolide resistance
arose in Japan in 2000 and spread

354
2000–2003 Children 13/76 (17)
2005–2010 Children 21/30 (70) Macrolide therapy resulted in prolonged fever which

resolved with minocycline
384

2008–2012 Children 561/769 (73) Gradual MRMP increase over time, varying according
to geographic region

488

2008–2011 Adults 7/28 (25) MRMP increased over time 394
Adolescents 12/26 (46)
Children 30/45 (66)

2009–2010 Children 39/47 (83) Cluster of MRMP in 2 schools near one another
suggests person-to-person transmission

489

2010–2011 Children 58/65 (89.2) Serum IFN-�, IL-6, and IP-10 levels were higher in
patients with MRMP

390

2010–2012 Children 31/33 (93.9) Most children with MRMP had received macrolides
prior to hospitalization

490

2009–2011 Children 124/190 (65.2) Garenoxacin was the most potent agent tested
against MRMP isolates

491

2011 Children 176/202 (87.1) Minocycline and doxycycline were effective
treatments against MRMP

25

2012–2013 Children 24/27 (89) 17/18 children with MRMP treated with macrolides
did not respond, but they quickly improved when
switched to minocycline or tosufloxacin

492

China 2005–2008 Children 44/53 (83) Study conducted in Shanghai; MRMP increased from
17% in 2005 to 100% by 2007

493

2003–2006 Children 46/50 (92) Study conducted in Beijing; all children had prior
treatment with macrolides

494

2005–2009 Children 137/152 (90.1) Study conducted in Shanghai; MLVA typing revealed
15 MRMP types

495

2008–2009 Adults 46/67 (69) Study conducted in Beijing; patients with MRMP
required longer duration of treatment and longer
time to resolution of fever

385

2008–2009 Children 90/100 (90) Study conducted in Shanghai; 93% of MRMP isolates
were subtype 1 and 7% were subtype 2

496

2008–2012 Children and adults 280/309 (90.6) Study conducted in Beijing; MRMP rate was 98.1% in
children under 14 years of age vs 83% among
adolescents and adults

378

China and
Australia

2008–2012 Children and adults 71/83 (85.5) in China;
1/30 (3.3) in
Australia

Study conducted in Beijing and Sydney; there was
no correlation between MLVA type and MRMP

451

China 2009–2010 Children 206/235 (87.7) Study conducted in Hangzou; more complications
occurred in MRMP infections

395

2010–2011 Children 44/45 (97.8) Study conducted in Beijing 497
2010–2012 Adolescents and

adults
114/136 (88.3) Study conducted in Beijing; specific MLVA types

were associated with MRMP and disease severity
27

2011 Not specified 38/40 (95) Study conducted in Beijing; based on MLVA analysis,
MRMP isolates belonged to several different
clones

380

2011 Not specified 38/40 (95) Study performed in Beijing; MLVA indicated that 2
separate clones were responsible for all MRMP

380

(Continued on next page)
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TABLE 4 (Continued)

Country Yr Patient population Resistance rate (%) Comment(s)a Reference

2012–2014 Adults 71/71 (100) Study conducted in Zhejiang. 92% of MRMP were
subtype 1

393

2011–2014 Adults and children 84/241 (34.9) Study conducted in Hong Kong; MRMP rate
increased each year and was 47.1% by 2014;
specific MLVA type was associated with MRMP

357

2010–2013 Children 34/48 (70.8) Study conducted in Hong Kong 498
2013 Children 128/130 (98.5) Study conducted in Beijing; there was no correlation

between MLVA type and MRMP
456

Taiwan 2011 Children 9/73 (12.3) MRMP was associated with longer hospital stay 386

South Korea 2000–2011 Children 0/30 in 2000; 44/70
(62.9) in 2011

MRMP was not detected in 2000 but increased over
time to 2011

499

2010 Children 3/17 (17.64) All 3 MRMP isolates were obtained from patients
hospitalized in a primary care hospital

500

2011 Adults 8/60 (13.3) MRMP was significantly more common in children 388
Children 19/31 (61.3)

2011 Children 49/95 (51.6) C-reactive protein elevation predicted lack of
macrolide efficacy in MRMP infections

501

Denmark 2010–2011 Not specified 6/365 (1.6) MRMP rate was very low despite heavy macrolide
use during epidemics

15

Scotland 2010–2012 Adults and children 6/32 (19) In 4 cases, MRMP arose during or following
macrolide therapy

23

England and Wales 2014–2015 Adults 4/43 (9.3) Three patients with MRMP required hospitalization 172

Germany 2003–2009 Adults 2/167 (1.2) Two MRMP isolates were subtype 1 and 3 were
subtype 2

502
1991–2009 Adults 3/99 (3)
2009–2012 Adults and children 3/84 (3.6) Specimens obtained from different parts of Germany 359

France 1994–2006 Not specified 2/155 (1.3) Both MRMP isolates were from children and isolated
in 1999

35

2005–2007 Not specified 5/51 (9.8) PCR and melting curve analysis were used to detect
23S rRNA mutations

430

Italy 2010 Children 11/43 (26) No association between MRMP and subtype was
detected

371

Slovenia 2006–2014 Adults and children 7/783 (1) Subtype 2 predominated in 2010, while subtype 1
predominated in 2014

358

Israel 2010 Adults and children 9/30 (30) In vivo development of resistance during treatment
was documented; treatment with doxycycline and
later ciprofloxacin was necessary to cure one
patient

362

USA and Europe 1995–1999 Not specified 2/41 (4.8) Multicountry surveillance study; one MRMP isolate
was from USA and the other was from Finland

364

USA 2006–2007 Not specified 3/11 (27) Outbreak in Rhode Island evaluated by PCR for
mutations; 0/53 isolates obtained prior to 1998
were MRMP

368

2007–2010 Adults and children 4/49 (8.2) Study conducted in Missouri 369
2006–2013 Adults and children 10 MRMP was detected in 5 of 10 (50%) outbreaks 47
2010–2012 Adults and children 7/202 (3.5) 5 of 7 patients with MRMP had recently received

macrolide therapy
72

2012–2014 Adults and children 12/91 (13.2) Study conducted in 6 states across the USA 62

Canada 2010–2011 Adults and children 11/91 (12.1) Study conducted in Ontario; 3 MRMP isolates were
subtype 1 and 2 were subtype 2

370

aMRMP, macrolide-resistant M. pneumoniae. Some studies detected macrolide resistance by broth microdilution MICs, while others detected rRNA mutations by
various molecular-based methods such as real-time PCR and sequencing.
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comes from studies in which development of macrolide resistance was documented
during a course of treatment by comparing strains isolated before and after initiation
of macrolide therapy and documenting the presence of new mutations in the latter (23,
361, 366, 371–375). Molecular genotyping has been used to prove the persistence of an
identical strain with a new mutation that arose during therapy (366, 373, 374).

Several investigations have utilized various molecular-based typing systems to aid in
understanding how MRMP infections are spread and the types of organisms that are
responsible. Methods used have included simple P1 subtyping, restriction fragment
length polymorphisms (RFLP) of the P1 adhesin gene, and MLVA. Investigations in
North America, Europe, and Asia (47, 376–380) found no clear association between P1
subtypes or a particular MLVA type and macrolide resistance, indicating a polyclonal
origin of macrolide resistance, consistent with the emergence of resistance de novo
during treatment rather than person-to-person spread of a single clone. Macrolide
resistance tends to occur in whichever P1 subtype happens to be circulating in the
community at the time of an outbreak (380). However, a recent study from Hong Kong
demonstrated that during an epidemic outbreak in which MRMP in hospitalized
persons increased substantially, the major MLVA types did not change, suggesting that
there was increased transmission of existing MLVA types rather than introduction of
new types in the community (357). In particular, the increase in macrolide-resistant
organisms was predominantly a result of increasing resistance in MLVA type 4-5-7-2, a
common type that occurs worldwide. Between 2011 and 2014, macrolide resistance
in this MLVA type increased from 25% to 100%, while other MLVA types remained
predominantly macrolide-susceptible (357). Qu et al. (27) also reported a significant
correlation between MLVA type 4-5-7-2 and macrolide resistance and that this MLVA
type was also associated with more severe disease. As mentioned earlier, Chironna et
al. have also described clonal spread of MLVA type 4-5-7-2 that was macrolide resistant
among 7 members of the same family (50).

Clinical significance. The clinical relevance of MRMP has been debated because
whether resistant strains can cause more severe or prolonged disease has not been
completely clarified and some patients may benefit from administration of macrolides
even in the presence of resistance (354, 381). Prospective, randomized, double-blinded,
controlled studies would be needed in order to compare clinical outcomes in persons
with macrolide-resistant infections treated with a macrolide such as azithromycin
versus another agent such as a fluoroquinolone. However, such studies have not been
performed and are unlikely to be conducted in the future for ethical reasons because
of growing evidence that these drug-resistant infections may not respond clinically to
macrolides. Several studies have reported that individuals infected with MRMP who
receive macrolide treatment can experience a longer febrile period and extended
antibiotic therapy compared with those infected with macrolide-susceptible strains
(382–390). Matsubara et al. (383) reported that the clinical efficacy rate of macrolide
therapy was 91.5%, versus 22.7% in macrolide-susceptible versus MRMP infections. In
another study, PCR was used to track numbers of M. pneumoniae organisms in NP
samples from patients with macrolide-resistant versus macrolide-susceptible infections
who received a macrolide. The numbers of organisms were significantly greater in the
group with macrolide-resistant infections (384).

The presence of MRMP does not change the clinical or radiographic presentation of
pneumonia, so it is impossible to guess in advance who may be harboring resistant
organisms (354, 382, 383, 385, 386, 391). Thus far, most macrolide-resistant infections
have been reported in children, because most studies have focused on this population
and M. pneumoniae infections tend to be especially common in the pediatric age
groups, but macrolide-resistant infections can also occur in adolescents and adults (385,
392–394). It is likely that many adults acquire infection from children.

Generally speaking, acquisition of genetic information mediating antimicrobial re-
sistance does not make a bacterium more virulent. However, it can certainly make
treatment more difficult and result in more complications if an ineffective antimicrobial
is used. Zhou et al. (395) reported that hospitalized children who were treated with
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azithromycin and turned out to have MRMP not only had longer duration of fever and
hospitalization than those infected with macrolide-susceptible organisms but also
experienced more serious radiological findings, significantly more extrapulmonary
complications (29.6% versus 10.3%), and more serious pneumonias. These authors
suggested that ineffectively treated MRMP pneumonia led to a stronger host response
with secretion of more cytokine-mediated inflammation, particularly IL-8 and IL-18,
which may be related to severity of illness in children (396). However, another study
found no difference in IL-8 and IL-18 in children with MRMP infection but did find
higher levels of IL-10, interferon gamma (IFN-�), and interferon gamma-induced protein
10 (IP-10) (390). They speculated that milder disease in their patients or a difference
in blood sampling times could explain the apparent discrepancy with other studies.
Life-threatening pneumonia and meningoencephalitis due to MRMP have also been
reported (397, 398).

Need for Alternative Treatments

Even though there is some disagreement regarding the value of antimicrobial
treatment for mycoplasmal pneumonia in children (399, 400), many clinicians feel that
in the absence of resistance, macrolides are useful, perhaps for both their antimicrobial
effect and their anti-inflammatory properties mediated through cytokine inhibition
(387, 401). Overt macrolide treatment failures have been reported, highlighting a need
for alternative antibiotic treatment options for infections caused by MRMP (68, 361, 367,
402–405). Various case reports have shown that alternative agents such as quinolones
(ciprofloxacin or levofloxacin), tetracyclines (doxycycline or minocycline), or the glycyl-
cycline tigecycline (402) may result in clinical improvement after macrolide treatment
failure in children (68, 361, 362, 387, 391, 404, 406). Atkinson et al. (404) reported a
severe case of SJS in a child who was shown to have MRMP and who failed azithro-
mycin therapy but responded to levofloxacin. According to an Italian study, seven
of eight patients with MRMP infection (87.5%) had persistence of symptoms that led
to clarithromycin being replaced by levofloxacin, which was followed by the prompt
resolution of fever and cough (387). Okada et al. reported that minocycline and
doxycycline were each significantly more effective than tosufloxacin in achieving
defervescence within 24 h and in decreasing numbers of M. pneumoniae DNA copies 3
days after initiation in an outbreak involving Japanese children who had macrolide-
resistant infections (25). Prior administration of macrolides was significantly associated
with occurrence of macrolide resistance in that study. Similar findings demonstrating
superiority of minocycline over tosufloxacin have been reported by Kawai et al. (406).
Matsubara and colleagues reported that 10 of 22 (45.5%) children with macrolide-
resistant infections required substitution of levofloxacin or minocycline to resolve the
infection (383). Similar findings were described in a study by Morozumi et al. (391), in
which 19 of 53 (35.8%) patients with macrolide-resistant infections had macrolide
treatment changed to levofloxacin or minocycline, versus only 4/58 (6.9%) of children
with susceptible isolates. Other quinolones such as garenoxacin, which is active in vitro
and in vivo against M. pneumoniae, are sometimes used in Japan (407, 408). Although
there are no data concerning the clinical efficacy of garenoxacin against MRMP, there
is no reason to believe it should not be effective, as there is no cross-resistance of
quinolones with macrolides. Normally, drugs in the fluoroquinolone and tetracycline classes
would not be used in children, but until new classes of drugs that are effective against
MRMP become available, there may be no other realistic choices. Streptogramins such as
quinupristin-dalfopristin and pristinamycin are available in some countries. They retain
activity against macrolide-resistant organisms, but they have not been utilized thus far for
this purpose in any published reports of which we are aware (409).

Guidelines for treatment of community-acquired respiratory pneumonia in chil-
dren have been published by various professional organizations, such as the British
Thoracic Society (410), Pediatric Infectious Disease Society/Infectious Disease Soci-
ety of America (269), and Japanese Society of Pediatric Pulmonology/Japanese
Society for Pediatric Infectious Diseases (411). The 2011 Japanese guidelines rec-
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ommend use of tosufloxacin instead of a macrolide when a MRMP infection is
suspected, in consideration of potentially greater toxicity of tetracyclines in children.
The other guidelines address laboratory diagnosis of M. pneumoniae but do not
mention MRMP, considering the lack of data and presumed infrequent occurrence in
North America and Europe as of 2011, when the latest versions were published. The
Pediatric Infectious Disease Society/Infectious Disease Society of America (269) recom-
mends azithromycin as preferred treatment with erythromycin and levofloxacin as
alternatives, while the British Thoracic Society document mentions only macrolides.
Given the common use of macrolides to treat pediatric respiratory infections, judicious
use of antimicrobial drugs should be emphasized. In some instances, mild respiratory
infections may not need antibiotics at all, in the opinion of Swedish investigators (17).
Okada, et al. reported that macrolides account for 30% of all oral antibacterial drugs
prescribed in Japan and concluded that the increase in macrolide-resistant bacteria
during the past several years in that country was closely related to selective pressure
resulting from widespread macrolide use (25). Regular surveillance for resistance world-
wide would help monitor the trend. In Asia, where resistance rates are extremely high,
clinicians should consider using an alternative to macrolides as initial treatment of
suspected or confirmed M. pneumoniae infection. However, in Europe and North
America, where resistance is still much less common, macrolides may still be considered
the first-line treatment, but with careful follow up and consideration for change to
another drug class if the clinical response is unsatisfactory (412). Even though macrolide
resistance is the only type of naturally occurring acquired antimicrobial resistance in M.
pneumoniae, tetracycline and fluoroquinolone resistances are known to occur as a
result of selective pressure in urogenital mycoplasmas, and resistance to these agents
has been produced experimentally by in vitro selection in M. pneumoniae with target
mutations identified in the mutants (346, 413).

In addition to antimicrobials, plasmapheresis and intravenous immunoglobulin
therapy have also been shown to be beneficial in some cases of central nervous system
disease (414). Corticosteroids such as solumedrol given intravenously may also be
effective in ameliorating symptoms of M. pneumoniae infection, particularly neurolog-
ical manifestations and perhaps the dermatological lesions associated with SJS (415).
Corticosteroids have received considerable attention and have shown promising results
in treatment of refractory pneumonia due to M. pneumoniae, particularly when com-
bined with appropriate antimicrobials (416). Luo et al. reported that children with
refractory M. pneumoniae infections who received prednisolone combined with azi-
thromycin for 5 days had clinical and radiological improvement sooner than children
who received only azithromycin, but they did not test for macrolide resistance (417).
Combination treatment of a child with progressive, severe systemic MRMP infection
with high-dose methylprednisone pulse therapy, intravenous immunoglobulin, and
moxifloxacin led to a full recovery after no response occurred with azithromycin and
methylprednisone at standard dosage. Six additional patients who received a combi-
nation of glucocorticoids and ciprofloxacin for refractory M. pneumoniae infections
have also been described (418). The rapid response to corticosteroids in children with
severe pneumonias illustrates the importance of a hyperactive immune reaction in the
host that may overshadow the pathological effects of M. pneumoniae on the respiratory
tract in some cases. Systematic studies are needed to determine the true benefit of
combinations of antimicrobial agents and immunomodulators in treatment of severe
mycoplasmal infections, both macrolide susceptible and resistant, as well as the
optimal dose and timing of pulse corticosteroid treatment (419).

New Investigational Antimicrobial Agents

Over the past several years, there has been interest in development of new agents
for treatment of CABP, stimulated to a great extent by increased prevalence of
multidrug-resistant S. pneumoniae. Since M. pneumoniae and other atypical pathogens
such as Legionella spp. and C. pneumoniae are also causes of CABP, drugs suitable for
empirical use need to be active against all of these organisms. Fortunately, agents that
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are active against macrolide-resistant pneumococci are usually active against MRMP.
Table 5 summarizes the in vitro activity of some new antimicrobials against MRMP.

Ketolides are semisynthetic derivatives of erythromycin. One promising agent in this
class is the investigational agent solithromycin (Cempra Pharmaceuticals), the most
potent antimicrobial agent ever tested against M. pneumoniae (MIC90 � 0.000125
�g/ml) (347). The extremely low MICs enable it to retain some activity against organ-
isms with 23S rRNA mutations, even though their MICs are several dilutions higher. The
highest reported solithromycin MICs measured against macrolide-resistant M. pneu-
moniae in an in vitro study were 0.5 �g/ml (347). Solithromycin is currently undergoing
clinical trials for CABP and has performed in a comparable manner to moxifloxacin
(89.2% versus 90.5% clinical efficacy) in treatment of 79 adults with M. pneumoniae
pneumonia, which included one macrolide-resistant strain (58). Even though solithro-
mycin MICs against MRMP are relatively low, additional patients must be treated before
strong conclusions can be made regarding its clinical efficacy in the presence of 23S
rRNA mutations. As larger numbers of patients are treated with solithromycin, there is
hope that problems that the earlier ketolide telithromycin had with hepatotoxicity will
not occur. Another ketolide undergoing clinical development for treatment for CABP is
nafithromycin (WCK4873; Wockhardt, Ltd.). Although this drug was very active against
18 macrolide-susceptible M. pneumoniae, with all MICs being �0.0001 �g/ml, MICs for
2 strains known to be macrolide resistant were elevated (16 �g/ml), thus limiting its
utility to treatment of macrolide-susceptible M. pneumoniae infections (420). Another
novel class of macrolides known as the acylides, which are derivatives of clarithromycin,
had low MICs (0.015 to 0.5 �g/ml) against 7 macrolide-susceptible ATCC strains of M.
pneumoniae (421). Although no MRMP strains were tested, the 8 acylides tested had
MICs ranging from 0.03 to 8 �g/ml against 12 high-level telithromycin-resistant ermB-
positive S. pneumoniae strains selected by serial passages in subinhibitory telithromy-
cin, suggesting that there may be some activity in the setting of macrolide resistance. It
should be noted, however, that the mechanism of macrolide resistance in M. pneumoniae
is mediated by mutations in 23S rRNA rather than ermB. A novel bridged bicyclic macrolide
(bicyclolide), S-013420, was tested against 26 macrolide-susceptible M. pneumoniae
strains and 5 MRMP strains (422). Despite potent activity against the former, with an
MIC90 of 0.001 �g/ml, MICs against MRMP were much higher (8 to 16 �g/ml).

Pleuromutilins inhibit bacterial growth by binding to the peptidyl transferase center
of the 50S ribosomal subunit, blocking protein synthesis, and have been used to treat
mycoplasmal respiratory infections in swine and poultry. Lefamulin (BC-3781) (Nabriva
Therapeutics) is a new semisynthetic pleuromutilin available in intravenous and oral
formulations with potent activity against a variety of Gram-positive and Gram-negative
bacteria, including multidrug-resistant strains, and is currently in clinical development
for treatment of CABP. Sader et al. reported potent activity of lefamulin (MIC90 � 0.006
�g/ml) against 50 M. pneumoniae isolates from Germany, where macrolide resistance
rates are low, but these organisms were not actually tested against macrolides for
comparison (423). Lefamulin was subsequently tested against a collection of macrolide-
susceptible and MRMP strains in comparison to azithromycin, erythromycin, tetracy-
cline, and moxifloxacin. Lefamulin was highly active against all strains tested, with MICs
of �0.008 �g/ml, comparable to azithromycin for macrolide-susceptible strains. The

TABLE 5 MICs of new antimicrobial agents tested against macrolide-resistant Mycoplasma
pneumoniaea

Antimicrobial Class
No. of isolates
tested

MIC range
(�g/ml) Reference

Lefamulin Pleuromutilin 42 �0.001–0.008 424
Solithromycin Ketolide 6 0.25–0.5 424
Nafithromycin Ketolide 2 16 420
Omadacycline Aminomethylcycline 10 0.125–0.25 427
Zoliflodacin Spiropyrimidinetrione 3 0.5–1 425
aAzithromycin MICs, 2 to �32 �g/ml.
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lefamulin MIC90 (0.002 �g/ml) for macrolide-resistant strains was the lowest among all
drugs tested. Like the fluoroquinolones, lefamulin was also bactericidal against M.
pneumoniae (424).

Zoliflodacin is an investigational spiropyrimidinetrione DNA gyrase/topoisomerase
inhibitor (Entasis Therapeutics) in clinical development for sexually transmitted infec-
tions. It has potent inhibitory and bactericidal activity against M. pneumoniae, with MICs
similar to those of levofloxacin and doxycycline. Its activity is unaffected by resistance
to other drug classes, including fluoroquinolones and macrolides (425). Even though
zoliflodacin is not currently being developed for CABP, its broad spectrum of activity in
vitro against respiratory as well as urogenital pathogens makes it a potential drug
for further study. Another class of antimicrobial agents, the isothiazoloquinolones,
act in a manner similar to that for the fluoroquinolones. One such agent, ACH-702,
is in preclinical development by Achillon Pharmaceuticals. In one report that demon-
strated that it had good in vitro activity against M. pneumoniae (MIC90 � 0.015 �g/ml)
(426), no mention of macrolide-resistant organisms was made.

Omadacycline (Paratek Pharmaceuticals) is a new aminomethylcycline currently in
clinical development for use against acute skin and skin structure infections, CABP, and
urinary tract infections. Although the binding site is similar to that of tetracycline, a
significant advantage of this agent is that it retains activity against microorganisms with
the two main tetracycline resistance mechanisms, efflux and ribosomal protection. This
agent was active in vitro against 10 MRMP strains, with MICs comparable to those of
doxycycline (427).

A somewhat unusual approach to identification of new therapies for M. pneumoniae
has been the investigation of various anticancer and antiviral nucleoside and nucleo-
base analogs that will selectively kill bacteria and not harm the host. Drugs in these
categories might logically be active against M. pneumoniae because it depends on an
exogenous supply of precursors for nucleotide biosynthesis, as it is unable to synthesize
purine and pyrimidine bases de novo. A recent study (428) found that 7 such analogs
inhibited M. pneumoniae growth at clinically achievable plasma concentrations, sug-
gesting that enzymes involved in nucleotide biosynthesis are potential future targets
for drug development.

Balish and Distelhorst (429) emphasized the importance of developing narrow-
spectrum agents to treat M. pneumoniae infections in order to avoid the collateral effects
on the host microbiota that can occur with broad-spectrum agents. Some potential targets
of theoretical importance mentioned include the CARDS toxin, glycerol-3-phosphate, var-
ious metabolic pathway inhibitors, inhibitors of the attachment organelle assembly or
function, and, as noted previously (428), inhibitors of nucleoside/nucleotide synthesis.
Although the concept of developing a therapeutic agent with a very narrow-spectrum
target specific to M. pneumoniae is completely logical from a scientific point of view in
order to tailor therapy, this approach may not presently be practical in most ambulatory
care settings, as the use of such an agent would require advance knowledge at the time
treatment is initiated that an infection is due to M. pneumoniae alone and not to
another pathogen or a mixture of M. pneumoniae and other pathogens, as is known to
occur in many cases. Therefore, such agents could come into play primarily when
point-of-care diagnosis of M. pneumoniae infection has become available.

Rapid Detection of Macrolide Resistance

A very important strategic intervention for control of MRMP is rapid testing for
23S rRNA mutations that confer macrolide resistance, directly in clinical specimens
or in cultured isolates, in order to guide antimicrobial therapy. In addition to
time-consuming and labor-intensive Sanger sequencing of 23S rRNA, various rapid
methods have been developed, including real-time PCR-HRM, PCR-RFLP, and pyrose-
quencing assays to detect MRMP (46, 354, 367, 368, 430–433). The UAB Diagnostic
Mycoplasma Laboratory performs real-time PCR for detection of M. pneumoniae in
clinical specimens followed with a reflexive test for macrolide resistance in all PCR-
positive samples. This technique enables detection of all 3 point mutations in the 23S
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rRNA gene known to be associated with macrolide resistance in M. pneumoniae, based
on different melting points for the mutated nucleotide base pairs compared to those
of the wild type (367).

Sequencing must still be performed to determine whether the mutation occurs at
position 2063 or 2064, but this is not necessary for clinical diagnosis. The CDC has
employed their HRM method to identify macrolide resistance in outbreak settings in
the United States (47). Other direct molecular methods for detection of macrolide
resistance that have been described are a Cycleave PCR method (433), a combination
of nested PCR, single-strand conformation polymorphisms (SSCPs), and capillary elec-
trophoresis (434), single-nucleotide polymorphism (SNP) PCR (435), Simple Probe PCR
(436), and allele-specific PCR amplification (437), each of which is described in more
depth in the original publications.

MOLECULAR TYPING

Considering the overall low sequence diversity and the relatively high number of
repetitive elements (RepMPs) throughout the genome (comprising approximately 8%
of the total genome), efforts to distinguish strains have focused mainly on the sequence
variations in the P1 operon (MPN140 to MPN142), where the sequence identity drops
(111), as well as the variations in the copy number of tandem repeats. Several typing
methods have been developed based on these elements, including P1 typing and
MLVA (376). With advances in the whole-genome sequencing, more regions in the
genome that have high discriminatory power have been identified. A multilocus
sequence typing (MLST) method and an SNP genotyping method were developed with
the aid of whole-genome sequencing analysis (111, 438). Whole-genome sequencing
may eventually displace the traditional single- or multiple-locus genotyping of M.
pneumoniae and will be used in routine clinical and outbreak investigations. Advances
in other techniques, such as NA-SERS and MALDI-TOF MS, have also been used for
strain typing of M. pneumoniae (338, 344), as described in previous sections. A com-
parative summary of typing methods used for M. pneumoniae is provided in Table 6.
Since the value of strain typing in studying epidemiology and outbreaks of M. pneu-
moniae infections and in tracking spread of MRMP has been described in previous
sections, further commentary is limited mainly to descriptions and comparisons of the
various methods.

P1 Typing

P1 gene sequencing, performed by various methods, was the most commonly used
genotyping method until newer methods were developed (35, 36, 38, 345, 439, 440).
Early techniques used RFLP or pulsed-field gel electrophoresis (PFGE) (441). PFGE
requires growing large volumes of the organisms in order to obtain sufficient amounts
of genomic DNA, and its discriminating power is somewhat low compared to those of
other methods (442). The more recent methods have been mainly PCR based. Several
post-PCR procedures to detect the sequence variations have been developed. All
methods allow detection of the two major subtypes as well as some variants. RFLP uses
several enzymes to digest the amplicons and group them based on their band patterns
(440, 441, 443). Denaturing gradient gel electrophoresis (DGGE), which can detect
single base differences, can also be employed to distinguish P1 PCR products (38).
Using this method, a type 2 variant, V2d, was identified (38). PCR-HRM provided a rapid
one-step method for typing M. pneumoniae isolates (41). This method differentiates the
2 P1 subtypes based on the difference of melting temperature of a 1,900-bp amplicon
carrying multiple SNPs without sequencing or hybridization procedures. Three variants
were identified in a study using this method (41). To type M. pneumoniae directly in
clinical specimens, a culture-independent amplification and sequencing method was
developed by Dumke et al., and variant V2b was identified by this method (345).
Random amplification of polymorphic DNA (RAPD) analysis has also been used to
classify M. pneumoniae strains according to P1 subtypes, with results similar to those
obtained by PCR-RFLP (441, 444). NASBA has been used to amplify RNA under isother-
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mal conditions, followed by hybridization using 16S rRNA to assess differences between
the two P1 subtypes (445). Another DNA amplification method for distinguishing the P1
subtypes is the amplified fragment length polymorphism (AFLP) technique.

Although the sequence variation of the RepMp elements in the P1 gene was the
initial basis on which to classify the two main M. pneumoniae subtypes, other sequence
differences between subtypes 1 and 2 are observed throughout the genome, including
all RepMp elements and many other genes/regions (32, 39, 111). A total of 8 variants
of RepMp4 and 10 variants of RepMp2/3 elements exist in the genome of strain M129
(113), and intragenomic homologous DNA recombination events occur among these
loci and within other repetitive elements such as RepMp1 (32, 35, 39). With the
identification of more P1 subtype variants that are generated by homologous recom-
bination, P1 typing itself appears to be ambiguous to classify M. pneumoniae. However,
according to extended genome sequencing and whole genomic sequence analysis of
clinical isolates collected from various times and geographic regions, the two subtypes
of M. pneumoniae appear to be evolutionarily stable lineages (111, 446, 447). One
subtype does not switch to another, even when homologous recombination occurs at
the P1 region. Thus, characterizing clinical strains into two main subtypes, not restricted
to the P1 genotypes, should still bear some biological meaning. Studies have shown
that subtype 1 and subtype 2 strains form different biofilms in vitro (99) and that
subtype 2 strains may have higher expression of CARDS toxin (446). More importantly,
the correlation between subtypes and disease characteristics or antimicrobial resistance
has not been confirmed since the P1 typing scheme was established. Subtype-specific
combinations of the repetitive elements in the P1 and OFR6 genes have been proven
not to be essential for the adherence of M. pneumoniae to the host (448). A recent
report indicated that clinical severity of M. pneumoniae infection is associated with
bacterial load but not with the M. pneumoniae subtypes in 45 patients in Sweden (48).
Experiments involving 140 specimens from Germany using sera of acute-phase patients
with a known M. pneumoniae type in the respiratory tract resulted in no correlation of
IgA and IgG antibodies to subtype- and variant-specific regions of the P1 gene with the
genotype of the M. pneumoniae strain causing the actual infection (449). Because
disease correlation is a common question any typing methods must face, more studies
need to be done to test whether there is a relationship between P1 subtypes and
virulence.

Single SNP/Gene Typing Methods

The difference between the two main subtypes of M. pneumoniae is not restricted
to the P1 gene, and other loci (mainly SNPs) and various methods have been employed
to differentiate the two subtypes. The 16S rRNA, 23S rRNA gene, and 16S16S-23S rRNA
gene spacer regions are the earlier targets. A NASBA assay was designed to detect
differences between the subtypes using two type-specific probes (445). Sequencing of
the 750-bp fragment of the entire 16S-23S rRNA gene spacer region and partial 23S
rRNA gene revealed an extra adenosine in subtype 2 strains that was absent from the
subtype 1 strains, which has also been used for distinguishing them (440). Spuesens et
al. used pyrosequencing to discriminate the two subtypes based on an SNP in MPN528a
and another SNP in the conserved region of the P1-coding gene (431). Zhao et al.
developed a duplex real-time PCR assay targeting two subtype-specific genes, MPN459
for subtype 1 and MPNA5864 for subtype 2, to type M. pneumoniae directly from clinical
specimens (46). This real-time method is fast, sensitive, and culture independent. Using
it, the authors detected a subtype shift from type 1 to type 2 that occurred in 2013 in
Beijing.

Multilocus Variable-Number Tandem-Repeat Analysis

Multilocus variable-number tandem-repeat analysis (MLVA) was developed in 2009
by Degrange et al. and soon became an additional classification level for M. pneu-
moniae (376). The initial development selected five variable-number tandem-repeat
(VNTR) loci (Mpn1 and Mpn13 to -16) that are polymorphic and stable after brief broth
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passages. The five-locus typing scheme revealed 26 VNTR types from 265 clinical strains
that the authors designated A to Z, based on five-digit codes representing the number
of repeats at each locus.

The MLVA technique greatly expands the typing scheme for M. pneumoniae beyond
what is offered by the methods that can identify only the two major subtypes and
variants. A particularly attractive feature of this typing method is that it can be adapted
to direct testing of clinical specimens without requirements for growing the bacterial
isolates (450), thereby greatly expanding its application in surveillance and epidemiol-
ogy of M. pneumoniae infections. This method has been used to track the clonal spread
of a specific strain during an outbreak (49). Xue et al. (451) used the five-locus MLVA
scheme, P1-RFLP, and detection of macrolide resistance mutations to compare 83
specimens from Beijing, China, and 30 from Sydney, Australia. They identified 18 MLVA
types, including 8 that were previously unknown, and most belonged to P1 subtype 1.
There was greater diversity among specimens from Beijing and much more macrolide
resistance (85.5%% versus 3.3%) than in those from Sydney. Benitez et al. (452) also
used the five-locus MLVA scheme to type 154 clinical isolates obtained over a 50-year
period from North America, Europe, and Asia, identifying clonal spread of specific
strains during outbreaks. However, these investigators and subsequent reports indi-
cated that the Mpn1 locus, which is localized in the variable hsdS gene, is unstable (452,
453). Therefore, several researchers have proposed to exclude this locus and form a
four-locus MLVA scheme (66, 453, 454). The discriminatory power of the modified MLVA
scheme was reduced and resulted in fewer predominant MLVA types. The three most
common MLVA types in the past 10 years are 4-5-7-2, 3-5-6-2, and 3-6-6-2 according to
the analysis of data from North America, Asia, and Europe (47, 453, 455). The four-locus
scheme maintained the correlation between the MLVA type 4-5-7-2 and macrolide
resistance (455). The biological basis for this correlation is unknown. However, in
another study (456), they used the four-locus MLVA scheme to type and analyze M.
pneumoniae clinical specimens from Beijing, China, and found no correlation between
MLVA type and macrolide resistance, even though MLVA type 4-5-7-2 was the most
common one detected. To improve the discriminative power of the current four-locus
scheme, more effort is needed to find new loci and modify the MLVA scheme. This
could be carried out with the aid of whole-genome sequence analysis. Depending on
the purpose of the typing, a highly stable scheme is preferred for long-term or global
epidemiological studies, whereas a highly discriminative scheme is good for short-term
epidemiological studies (457).

Multilocus Sequence Typing

An early attempt to develop such a method for typing M. pneumoniae using
housekeeping genes and structural genes failed (447). With the analysis of the whole-
genome sequences of more clinical isolates, a new multilocus sequence typing (MLST)
scheme was developed based on the polymorphisms of eight housekeeping genes
(ppa, pgm, gyrB, gmk, glyA, atpA, arcC, and adk) (458). Twelve sequence types (STs) were
identified in 57 clinical isolates, and two distinct genetic clusters were formed, representing
the two main subtypes of the genomes. This scheme is more discriminatory than the
four-locus MLVA typing and P1 typing methods. Correlations between STs and P1 types
and between STs and MLVA types were observed. This method is PCR based and does not
require culturing the organism. The disadvantage, however, is the need for a large amount
of laborious and expensive sequencing. This MLST scheme for strain typing is supported by
a public web-based database (http://pubmlst.org/mpneumoniae).

Another multilocus SNP typing method, using SNaPshot technology, overcomes the
sequencing disadvantage (438). Similarly, eight genes (gyrA, gmk, glpK, rpoB, rplB, the P1
gene, MPN582, and MPN442) were selected according to the extensive analysis of the
whole-genome sequences of the clinical strains. The SNaPshot minisequencing tech-
nology is based on the single-base extension of a specially designed minisequencing
primer that anneals one base upstream of the SNP using a fluorochrome-labeled dideoxy-
nucleotide (ddNTP). The SNPs can thus be detected by fluorescence and size without
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sequencing. The discriminatory power of this method is also higher than that of the
four-locus MLVA scheme. A strong correlation between the SNP types and P1 types was
observed, whereas the SNP type does not predict the MLVA type. This method is very
fast, with a global turnaround time of 7 h starting from the DNA extracts. It can also be
adapted to type clinical specimens without the need for culture.

KNOWLEDGE GAINED FROM COMPARATIVE GENOMICS

The application of whole-genome sequencing and other “-omics” opened a new
door to understand this tiny organism. Since the first M. pneumoniae genome sequence
was published (113), there have been 58 genome sequences deposited in the National
Center for Biotechnology Information (NCBI). Among them, 57 have been sequenced
by next-generation sequencing (NGS) technology, and 55 were posted after 2014.
The current bottleneck in genome sequencing is not obtaining the sequence but
the analysis, understanding, and application of the information gained from the
sequences. The same situation also applies to other “-omics,” i.e., transcriptomics and
proteomics. Thus, close collaborations between mycoplasmologists and bioinformati-
cists in the “big data” era should lead to broader and deeper understanding of M.
pneumoniae and its interaction with its host. An online database, MyMpn (http://
mympn.crg.eu), which hosts the omic-scale data sets generated by experimental and
computational analysis has been developed to promote the understanding the biology
of M. pneumoniae on a global scale (459).

Comparative Genome Analyses

The genome sequence of strain M129 (ATCC 29342) was the first finished M.
pneumoniae genome, obtained using the cosmid library and Sanger sequencing tech-
nology (113). It was reported in 1996 and reannotated in 2000, showing 816,394 bp,
730 genes, and an average GC content of 40% (113, 460). All subsequent genome
sequences were obtained by NGS technologies. In 2015, two independent studies on
comparative genome analysis of M. pneumoniae were reported. Xiao et al. sequenced
15 strains that were obtained from 3 continents over 6 decades and completely assembled
them into single circular contigs (111). Lluch-Senar et al. sequenced 23 clinical isolates,
mainly from Europe, but did not complete the assembly of the whole genome (446).
Both groups of investigators found an overall high degree of sequence similarity
(�99%) among the strains, although the two main subgroups of type 1 and type 2 can
be clearly differentiated by the SNPs and indels. The higher similarity (�99.9%) within
the strains of the same subgroup suggests that the subtype 1 and subtype 2 groups are
clonal and recently diverged (111). The M. pneumoniae genome looks extraordinarily
stable over time and geographic distance, without evidence of recent horizontal gene
transfer. There are 182 genes that are conserved in all genomes without any variations,
whereas P1 and ORF6 presented the greatest variations among the strains, suggesting
the existence of positive selection pressure (111). Two large subtype-specific genomic
structural variations were also identified. By examination of SNPs versus nonsynony-
mous mutation rates in the OFRs, several putative virulence factors were revealed,
including recombination machinery and a hydrogen peroxide production system (446).
Gene-specific analysis indicated that both coding and promoter regions of the CARDS
toxin-coding gene are conserved, suggesting little selective pressure on this gene
(MPN372) and the essentiality of its function. The fact that no nonsynonymous muta-
tions are found in both copies of the arcA genes (MPN304 and MPN560) in the arginine
deiminase pathway in all sequenced genomes suggests that the genes are not
diverging and may be functional with unidentified activities not associated with the
arginine dihydrolase metabolic pathway, which is inactive in M. pneumoniae (461). The
identification of multiple copies of hsdS genes (encoding S subunit of type I restriction
enzyme) with variable tandem-repeat numbers in the target recognition domain across
the genome is striking and may indicate an epigenetic mechanism for gene
regulation.
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Application of Knowledge Gained from Whole-Genome Sequence Analysis

Two research groups have recently used the whole-genome sequencing information
to develop two new MLST schemes, as discussed in Molecular Typing above (438, 458).
These two studies are the first examples of the NGS-aided M. pneumoniae research. Li et
al. reported whole-genome sequencing of two MRMP isolates with different responses
to azithromycin and identified SNP differences in their P1 genes (462). The significance
of this finding is unclear at present. Shahbaaz et al. performed an in silico search for
uncharacterized adhesin and virulence protein genes in the genome of strain 309 and
predicted 83 virulent hypothetical proteins (463). To improve the MLVA typing scheme,
Zhang et al. reanalyzed the published NGS data on M. pneumoniae genomes and
characterized inter- and intrastrain variability of VNTRs (464). There were 13 VNTRs
identified, displaying different levels of inter- and intrastrain copy number variations.
Several new MLVA schemes were proposed for different purposes of strain typing.

Other “-Omics” Studies

Despite having a genome that is reduced in size, M. pneumoniae possesses a
surprisingly dynamic and complex regulation system for information flow from genome
to RNA to protein. Several regulation layers and mechanisms, such as genome meth-
ylation, transcriptional regulation, noncoding RNAs (ncRNAs), translational regulation,
and posttranscriptional modifications, have been identified (465–468). Lluch-Senar et al.
performed single-molecule real-time (SMRT) sequencing to determine the methylomes of
M. pneumoniae (465). Two new methylation motifs were identified: a widespread m6A
methylation motif (5=-CTAT-3=) and a complex type I m6A sequence motif (5=-GAN7TAY-
3=/3=-CTN7ATR-5=). The distribution of methylation sites across the genome suggests a
potential role for methylation in regulating the cell cycle and gene expression. Tran-
scriptome analysis of M. pneumoniae has been advancing with the improvement of
techniques over the past 2 decades. Güell et al. identified the exon- and intron-like
structure within operons in M. pneumoniae and suggested that complex gene regula-
tion mechanisms resembling that of eukaryotes exist in M. pneumoniae (467). Frequent
antisense transcripts were also identified, and a subsequent analysis indicated that
most of them are the consequence of transcriptional noise (469). Junier et al. performed
a hierarchical genomic analysis of transcriptome sequencing (RNA-Seq) data across 115
conditions and revealed that basal coordination of transcription in M. pneumoniae is
driven by pervasive transcription (470). They identified three qualitatively distinct levels
of coexpression and found that the degree of coexpression between codirectional
genes and operons is tightly related to the capacity to be transcribed into the same
mRNA. The pervasive transcription is repressed by DNA-bound RNAPs, strong intrinsic
terminators, and large intergenic distances. The proteomic studies have been able to
experimentally identify about 90% of predicted proteins thus far (468). Kühner et al.
employed tandem affinity purification-mass spectrometry to analyze the protein com-
plexes in M. pneumoniae and identified 62 homomultimeric and 116 heteromultimeric
soluble protein complexes (468). A subsequent study using two-dimensional gel electro-
phoresis and mass spectrometry further detected 63 phosphorylated proteins in M. pneu-
moniae and identified 16 phosphorylation sites (102). Other posttranslational modifications
have been described systematically. Van Noort et al. combined genetics and high-
resolution quantitative mass spectrometry to measure the global effect of kinase and
phosphatase deletions on proteome abundance, protein phosphorylation, and lysine acet-
ylation of proteins in M. pneumoniae and revealed cross talk between phosphorylation and
lysine acetylation (471). Large-scale multiomics data are presently accumulating rapidly,
and many secrets of this “simple” organism are being revealed.

CONCLUSIONS AND FUTURE NEEDS

Over the past several years, knowledge concerning the mechanisms by which M.
pneumoniae causes disease, epidemiology of infection, clinical spectrum of illness, and
appreciation for its role as a common and significant pathogen of CABP has dramati-
cally increased. Many new data have come from novel techniques for genome sequenc-
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ing and molecular methods for strain typing. It is now appreciated that M. pneumoniae
can cause respiratory infection in persons of all ages and can account for a substantial
portion of CABP, especially during epidemic periods. Although most M. pneumoniae
infections are fairly mild, severe and even fatal pneumonia, spread in communities,
among persons in close contact, and within family groups, is well described. Autoim-
mune and inflammatory sequelae are common complications involving multiple or-
gans. With the development and recent commercialization in the United States of
molecular-based tests that can detect M. pneumoniae in clinical specimens with same-
day turnaround, diagnostic laboratories can now offer improved microbiological diag-
nosis. However, there are two obstacles remaining that must be overcome if such
diagnostic testing is to become more widely used by clinicians. First, there needs to be
a true point-of care test for rapid detection of M. pneumoniae for use in an ambulatory
care setting that incorporates direct detection of the organism or its DNA, rather than
an indirect measure of antibody response. Such a test would eliminate some of the
current barriers to real-time PCR testing such as the expensive equipment required,
along with molecular diagnostics laboratory facilities and personnel trained in complex
molecular-based testing. A commercial test that can also detect the presence of
macrolide resistance gene mutations would also be very beneficial, especially if such
resistance continues to increase in the United States as it has in Asia. Until this is
achieved, many clinicians who want to confirm a microbiological diagnosis of M.
pneumoniae infection are likely to continue to rely on rapid qualitative serology tests
that have only fair diagnostic sensitivity when based on a single acute-phase specimen.
The second obstacle to increased diagnostic testing for M. pneumoniae is the lack of
definitive recommendations for performing microbiological testing from influential
professional organizations such as the Infectious Disease Society of America. We
suggest that a reconsideration of whether such testing should be recommended is
reasonable in the next guideline update now that there are molecular-based tests
available for M. pneumoniae detection, quantitative data concerning the frequency of
macrolide resistance, and numerous well-described outbreaks that have involved per-
sons with severe and even fatal infections due to this organism. Since macrolide
resistance is now well documented in the United States and can be associated with
serious infections and treatment failures, a national surveillance system to document
the occurrence and disease burden of M. pneumoniae and, most importantly, the
quantitation and geographic distribution of macrolide resistance are important goals.
Antimicrobials that are not affected by macrolide resistance and that can be used safely
in children as well as adults for treatment of respiratory infections caused by M.
pneumoniae as well as other pathogens of CABP are urgently needed.

Discussion of control strategies for any microbial disease should include mention of
a vaccine to prevent infection with and/or illness due to the etiological organism.
Despite the potential benefit of an effective vaccine and considerable research that was
performed over time, little effort has taken place in recent years to develop one for M.
pneumoniae. A systematic review and meta-analysis of protective effects of and adverse
reactions to M. pneumoniae inactivated vaccines published by Linchevski et al. in 2009
concluded that vaccines may have some benefit, particularly for high-risk closed
populations and the elderly (472). The authors did not specifically address the emer-
gence of MRMP, but it seems that this development is another good reason that
vaccine research should be restarted.
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